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SUMMARY
It is well known that rivers and groundwater exchange flow and mass at rates
that vary over space and time. These fluxes depend on the hydraulic and water
quality characteristics at the interface between the two systems. These can be
dynamic and therefore the exchange patterns arise from the combined effect of a
series of complex and non-linear processes.
The direction and intensity of the exchange fluxes are governed by pressure
differences between the two systems and by the hydraulic conductivity at the
interface. Pressure varies owing to fluctuations on the stream free surface levels
and on the underground water tables, and owing to the movement of the bottom
and lateral boundaries of the river channel for different river discharges. The
transport of contaminants across the river-aquifer interface depends additionally
on the spatial and temporal concentration distribution of the chemical at the
system acting as source, which is the river in the case of downward fluxes (i.e.
loosing stream) or the groundwater in the case of upward fluxes (i.e. gaining
stream).
Measuring and modelling these exchange processes accurately is difficult.
They depend on the ever changing interdependent hydraulic and water quality
dynamics of the two systems. They are heterogeneous, may occur in both ways
and in even reverse directions over time. For that reason, its correct and process-
based simulation compels the use of distributed and time-dependent frameworks
that explicitly model both systems’ flow, transport and water quality dynamics
simultaneously and alongside the interactions computed and continuously updated
throughout the simulation.
Most state-of-the-art models are single-system based tools design to simulate
either the surface or the subsurface compartments and therefore they are unable
to explicitly quantify this interaction phenomenon. The importance of these
interaction mechanisms has, however, been broadly recognized over the past two
decades, specially for studies focusing on the river-reach, and significant advances
have been made in the field. A number of coupled surface and subsurface flow
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models emerged and many single-system tools have now also subroutines incorpo-
rated to represent, although oftentimes through simplified approaches, the effect
of these interactions. Yet, presently, few tools provide a fully coupled framework
that enables: (i) capturing the effect of flow and water quality conditions in
the river and groundwater that vary both in space and time; (ii) computing
transient 2-dimensional exchange flux rate distributions between the two systems;
and (iii) accounting for wetting and drying cells in the river model domain to
simulate, for instance, flooding events (i.e. moving boundary problems). In fact,
the coupling of river and groundwater flow solvers alone still faces many research
challenges and, unfortunately, the further integration of fully coupled transport
and water quality subroutines, theoretically enabling the study of river-aquifer
contamination pathways, is largely unexplored.
In this study, a new modelling framework that addresses these issues was
developed and used to investigate real world problems involving the transfer of
contaminants between the two systems. The tool was built from the full (internal)
coupling of modified versions of standalone river and groundwater state-of-the-art
transport and water quality models to an integrated river-groundwater flow model.
The exchange of flow and mass across the interface is computed and updated
throughout the simulation using the conductance-based model.
Firstly, the mathematical and numerical performance of the coupled model,
which was recompiled to a new computer program and named as FLUXOS,
was validated on controlled cases against analytical solutions. Additionally, its
sensitivity and capabilities were theoretically tested on a series of real world
test cases. Secondly, the model was applied to the Ciliwung River in Jakarta,
Indonesia, to investigate two distinct pollution problems in two independent
studies. In both cases, the water quality issues are related to the exchange of
contamination between the river and the groundwater. Simulation results with
coupled and standalone models were compared to each other, and to observations
when possible, to evaluate the performance of FLUXOS and discuss its advantages
and limitations.
The Ciliwung River, which is the largest river, amongst thirteen other, that
flow through the city of Jakarta and empties in the Jakarta Bay, is an interesting
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case to investigate with FLUXOS because the poor water quality of the river,
which loses water to the groundwater inside Jakarta, suggests that it may signifi-
cantly contribute to groundwater contamination and deterioration, a phenomenon
that has already been observed in the shallow aquifer.
In the first real world application, FLUXOS was used to bring new insights
into the characteristics of the nitrogen (N) cycle in the river-aquifer systems
of Jakarta, and to identify the main sources and N-contamination pathways.
Besides being interesting as a complex case where the model can be challenged
and show its potential, the study is motivated by recent observations in the
shallow aquifer of Jakarta that point at a rise in the nitrate (NO−3 ) levels. As
groundwater is extensively used in the city to compensate for the limited public
water supply network, a rise in NO−3 concentration can put at risk this resource,
due to its consequence on human health, particularly for children, for which it
can contribute to excessive levels of methemoglobin in the blood and eventually
lead to death in extreme cases.
The particular focus of this investigation is on the impact of urbanisation on
the nitrogen cycle of the river-aquifer system. In this context, the model was
thus used to quantify river to groundwater nitrogen recharge fluxes during the
wet and dry seasons for the current and some future development scenarios. The
study uses field data along Ciliwung River provided by the Indonesian authorities.
The data was used to define the numerical application and to validate the model.
The computed fluxes were discussed in relation to estimates of leaks from septic
tanks, which were calculated using different literature data. The results of the
model simulations and field data were combined to discuss effective rehabilitation
strategies to control the levels of NO−3 in the groundwater.
The coupled model was further used in a second real world application to
investigate the impact of river regulation on the quality of river and shallow
aquifer in Jakarta. This is expected to occur in the future, as the construction of
a retention dam is being proposed by the Indonesian authorities to lower the flood
risk in Jakarta. The study uses hydraulic and water quality data collected during
a flood event at two river sections that are representative of rural/semi-urban
(upstream) and urban (downstream) conditions. As in first model application,
xi
the data was also used here for set-up and validation of the coupled model.
The latter was subsequently applied to the downstream section to estimate the
amount of river water and dissolved oxygen that recharged the aquifer during the
transient flood regime monitored. The results of the model simulations and field
data were combined to quantify the positive effect of flooding on the quality of
the integrated river-aquifer system and to discuss the importance of integrated
solutions, which account for both flood risk and water quality problems effecting
the river corridor.
Although the results from the two model applications are specific to the
case study region, they exemplify through practical demonstrations how more
integrated simulations of pollution dynamics can effectively help identifying
contamination sources and pathways in urban environments. This is a crucial
step for more integrated and forward-looking planning of urban river corridor
management, which is becoming critical in many rapidly growing cities that
are struggling to harmonize the intensification of human activities for economic
development with appropriate protection of the environment and, more specifically,
of the natural urban water resources.
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Rivers and aquifers are mutually dependent components of the hydrological cycle,
which are typically characterised by temporal dynamics that are a few orders
of magnitude apart (Dingman, 2015). This characteristic is often advocated to
justify the use of independent single-system models (Furman, 2008). Such models
quickly became seductive for the prospects of maximising the outcome for the
available computational resources. However, the rapid increase in computational
power of the last few decades presently provides means to explore new and more
complex modelling schemes (e.g., Hibi et al., 2015; Maxwell et al., 2007), which
can ideally better reflect the physical reality.
It has been recognized that the exchange of flow and contamination between
rivers and groundwater may significantly vary over space and time (Kalbus et al.,
2006) and considerably affect the hydraulics and water quality at river-reach
scales (Frei et al., 2009). Single-compartment models are, however, unable to
realistically characterise this dynamics because the exchange fluxes across the
river-aquifer interface are naturally heterogeneous and time dependent as a result
of the hydraulic and water quality characteristics of both systems also varying
(Sophocleous, 2002).
Attempts to coupling surface (SW) and subsurface (GW) flow models started
little more than a decade ago (Furman, 2008), yet the further incorporation of
transport and water quality models in a fully integrated model framework for
studies of pollution propagation along dynamic river-aquifer corridors is still
largely unexplored (e.g. Langevin et al., 2005; Zerihun et al., 2005).
1.2 Motivation
Half of the world’s population lives in cities and the number is still rising.
Particularly in developing countries, many urban areas are rapidly sprawling
into sizable megacities (Zipperer and Pickett, 2012) without developing adequate
sanitary infrastructures. By 2050 the number of people residing inside urban
perimeters is expected to reach 70% (Heilig, 2012), turning the conservation
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of water resources and the protection of human and ecological health from
increasingly polluted rivers into a foremost challenge, especially in urban river
corridors.
In 2010 eighty percent of the world’s population was exposed to high levels of
threats to water security for human or ecosystems wellbeing (Vörösmarty et al.,
2010). The struggle to protect water resources is a worldwide endeavour and has
become remarkably acute in urban areas, in general, and in Asia, in particular,
where urbanisation is at its fastest rate and is expected to lead to a population
concentration in urban areas between 56 and 64% by 2050 (UN, 2014).
Solid waste and water pollution are currently major sources of contamination of
many urban rivers (Un-Habitat, 2008). In addition to carrying heavy metals that
originate from road traffic, urban runoffs are now likewise becoming increasingly
rich in pathogens and organic substances (Zoppou, 2001) because of the imbalance
between growth of spontaneous settlements and construction of infrastructures.
Urban pollution is visibly affecting the quality of water in many rivers around
the world and numerous studies have shown over the years that despite the highly
impermeable surfaces of urban areas, contamination in cities is reaching the
underlying groundwater resources (e.g., Lerner, 2002, 1990; Price and Reed, 1989;
Rushton et al., 1988; Foster et al., 1988; Brassington and Rushton, 1987; Lerner,
1986). Groundwater is of utmost importance in some of the fast growing cities
as it is frequently used as a direct source of drinking water, which compensates
for the lack of robust public water supply systems. Failures or lack of urban
infrastructures have been shown, however, to significantly contribute to ground-
water deterioration and urban stormwater pollution (Zoppou, 2001) through
infiltration of sewage and polluted river waters, leakage from landfills and direct
connection of wastewater sewage systems to stormwater drains. In many cases,
the problem is further aggravated by increased interaction between shallow and
deeper aquifers due to excessive pumping, which favours the propagation and/or
migration of contamination across different layers in the groundwater system.
Widespread pollution in urban environments has been linked to viral infec-
tions’ outbreaks, phenomenon which has been observed to increase during storms
and floods due to enhanced direct contact or ingestion of contaminated waters
2
(e.g Phanuwan et al. (2006)). The frequency of flooding is, unfortunately, also
increasing in many regions around the globe (Hallegatte et al., 2013) and is
attributed to different phenomena, thereby including climate change, reduced
permeability and increased encroachment of river margins. In some cases, such
changes affect the hydraulic regime of rivers, which in turn, significantly rever-
berates in the river-aquifer dynamics and has been linked to pollution problems
(e.g., Wong et al., 2010).
All these evidences suggest that the number of urban areas, where pollution,
flooding, excessive pumping and dependency on groundwater emerge as phenom-
ena that induce more complex interaction across water bodies, is continuously
rising. This evidence speaks for an urgent need to develop a methodological
framework for diagnostic and prognostic use, which allows to investigate sustain-
able water management solutions in the context of urban rivers, while providing
an integrated assessment of surface and groundwater systems, of their interplay
and, more in general, of how these are affected by urban planning and may
have an impact on public health. A pioneering example is given by Mark et al.
(2015), who shows, for instance, an interesting case where advanced simulations of
cholera spreading through urban flooding can give valuable information for health
risk management in major Asian cities. Another interesting study presented in
Hibi et al. (2015) shows also how the the numerical simulation of coupled atmo-
spheric gas, surface water (SW) and unsaturated or saturated porous medium (i.e.
Groundwater, GW) can be exploited to study pollution pathways an exchange
between different environmental compartments.
1.3 Objective and research questions
Rivers and groundwater exchange flow and mass in an unevenly distributed fashion
because the fluxes depend on the hydraulic and water quality characteristics at the
interface (Kalbus et al., 2006). At river-reach scales these can be heterogeneous
and extremely dynamic, thus determining conditions which lead to complex
exchange patterns that vary non-linearly (Sophocleous, 2002).
Understanding the circumstances that can generate flow and transport dy-
namics across river and aquifer systems leading to critical pollution states is
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thus extremely important to guarantee human protection and ecological health.
Unfortunately such processes are yet poorly understood and there is a lack
of appropriate modelling tools to address river-aquifer interaction, particularly
in urban environments and for cases involving unsteady contaminant exchange.
Investigations to quantify these dynamics from observation also presents the draw-
back that the measurements necessary to quantify the processes are extremely
demanding and not easy to be carried out (Kalbus et al., 2006), particularly for
long river corridor domains and/or highly urbanised areas.
The focus of this research is thus around the development and application of
a new modelling tool to represent such complexity, thus allowing to investigate
the pollution problems outlined in the previous section and that characterise
many urban areas.
In order to develop a suitable modelling framework that represents a mean-
ingful and noteworthy advance to existing standalone single-compartment state-
of-the-art models, the issues hereafter outlined need to be addressed.
The first issue concerns the development of the tool. Which model components,
architecture and background solvers are necessary and most suitable? What
is the added value of such tool with respect to existing water quality models?
How versatile can the new model be in terms of allowing the simulation of the
many-sided pollution problems that characterise river corridors in many polluted
urban areas?
The second issue regards the challenges of developing such modelling frame-
work. What are the mathematical and numerical issues that arise from the
internal coupling of different model solvers/components into a shared modelling
framework? What level of model performance can be envisaged?
The third consideration concerns the application of such complex framework
to real world cases. What are the main challenges of using this tool in terms of
model inputs, calibration and validation? How does it perform when compared
to existing standalone models? What can be captured with the new framework
that could not, otherwise, be perceived with existing state-of-the-art tools? Can
it bring tangible new insights into pollution dynamics in urban river-aquifer
corridors?
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1.4 Case Study: Ciliwung River, Jakarta
The Ciliwung River, which is the main river artery in Jakarta, was used throughout
this research as exemplary case of a complex urban environment to test the
proposed modelling framework. Jakarta is the capital city of Indonesia, ranked
in 2015 as the world’s second largest urban area (Demographia, 2015) and the
10th fastest growing megacity (Forbes, 2015). Fig. 1.1 shows the Jabodetabek
region, which includes the cities of Jakarta, Bogor, Depok, Bekasi, Tangerang
and South Tangerang.
Figure 1.1: Location and general information about the Jabodetabek area, Jakarta and the
Ciliwung River. Three major cities are located along the Ciliwung River: Bogor, Depok and
Jakarta. The metropolitan area of Jakarta is divided into North (NJ), West (WJ), East (EJ),
Central (CJ) and South (SJ) Jakarta
The urbanization of Jakarta extends beyond the DKI Jakarta (national capital
district) and reaches the city of Bogor. According to Forbes (2015), the population
in the Jabodetabek area grew by 34.6% between 2000 and 2010, where it was
estimated as 26.75 million.
The municipal water supply and sewerage networks cover respectively 31% in
2008 (ADB, 2013) and 3% in 2002 (Sukarma and Pollard, 2002) of the population
in Jakarta. As a consequence, groundwater abstractions increased by fourteen
times since 1950 (Kagabu et al., 2013) and poorly maintained and leaking septic
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tanks are widely used (IndII, 2014; Morris et al., 1994) and known to contribute
into the groundwater system (i.e. 95% of them leak according to Kerstens et al.,
2015).
Thirteen rivers flow through DKI Jakarta, being the Ciliwung River the
largest with approximately 130 km in length and a catchment of 390 km2. This
river is extremely polluted (Palupi et al., 1995), with increasing levels of NO−3 ,
BOD (Costa et al., 2014b; Sikder et al., 2012), heavy metals (Kobayashi et al.,
2011), and faecal coliforms being reported.
The main aquifer system in Jakarta is, on average, composed of an 80 meter
thick highly permeable shallow unconfined aquifer and a 250 meter deep confined
aquifer composed by sedimentary rocks of low permeability (Fachri et al., 2003).
A groundwater potential depression zone in the central area of Jakarta (CJ, in
Fig. 9.1) has been identified (Kagabu et al., 2013), and the quality of the water
has deteriorated as a result of saline intrusion (Chaussard et al., 2013) and N
contamination (Umezawa et al., 2009). More information about the Ciliwung
River and Jakarta is provided in Chapter 9.
1.5 Document outline and contribution of the chapters
This Chapter introduced the background, motivation and objective of this research.
The subsequent chapters included in this manuscript are grouped in 3 parts
In Part I, which includes Chapters 2, 3 and 4, the current state-of-the-art
models and modelling approaches are reviewed, the main limitations of single-
compartment models are described and the methodological approach adopted is
presented.
More specifically: Chapter 2 briefly reviews the history of transport and water
quality models and discusses about the mathematical background of prominent
surface and groundwater models, particularly in relation to their ability to account
for river-aquifer interactions; Chapter 3 highlights the current limitations with
the single-compartment modelling approaches commonly used to study problems
involving the effect of river-aquifer interactions; and Chapter 4 illustrates the
methodological approach adopted for the development, testing and application
of the new model.
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In Part II, which includes Chapters 5, 6, 7 and 8, the conception, development
and testing of the model is presented.
More specifically: Chapter 5, discusses the generic framework and model
components required for the development of the desired modelling tool; Chapter
6 provides details about the development and testing of the model itself; Chapter
7 shows the validation of the model against analytical solutions; and Chapter
8 focuses on the sensitivity of the tool, which was investigated by means of
controlled numerical experiments representative of real world urban problems
that involve river-aquifer pollution interactions.
In Part III, which includes Chapters 9, 10 and 11, the application of the new
modelling framework to real world case studies is described and discussed.
More specifically: Chapter 9 presents the background work developed for
the formulation and appropriate set-up of model applications. It includes an in-
depth characterisation of the case study area, deliberations about data needs and
availability, and general considerations about the model applications. Chapters 10
and 11 describe the preparation and application of the model in two independent
studies, each focusing on particular water quality problems related to river-aquifer
pollution exchange. Simulation results from the new model are compared to state-
of-the-art single-compartment models to discuss the advantages and limitations
of the proposed coupled modelling framework.
Finally, Chapters 12 draws the main conclusions of this research and Chapter
13 provides an outlook for future work both in terms of model developments and
applications.
Four appendixes are added to the manuscript to present relevant additional/-
complementary work that was developed during the course of this research. More
specifically, Appendix A presents further work developed in the context of the
single-compartment model applications presented in Chapter 3. Appendix B adds
more details about the development and testing of the tool, which is presented
in Chapters 6, 7 and 8. Finally, Appendix C provides additional considerations









2.1 History of transport and water quality models
In the context of river corridor studies, Chapra (1997) divided the nearly 100





Modelling the quality of surface waters started in the early 1920’s and was
primarily motivated by the need for predicting the impact of untreated and
primary eﬄuent discharges in streams. At the time, analytical solutions were
developed for simplified cases and used to provide quick predictions. In the 1960’s,
numerical models started becoming more complex and detailed (Chapra, 1997),
allowing the first 2-dimensional simulations of real world cases (e.g. Thomann,
1963), a crucial step to modern engineering. Thenceforward, the steadfast
increase in computational power enabled to progressively increase detail in the
mathematical representation of the different physical, biological and chemical
processes (Schnoor et al., 1996). As a result, the modelling of eutrophication
processes reached its culmination in the early 1970s, which was followed by an
interest in the fate and transport of organic and inorganic toxic pollutants in
natural streams in the late 1980s (Chapra, 1997).
Today, there is a wide range of well-established modelling tools to investigate
water quality problems of a very different nature but many challenges still lay
ahead in terms of improving predictions (Beck, 2013). This requires advancing
the understanding of the many physical, chemical and biological processes that
together create the complex water quality dynamics that can often been seen in
freshwater systems. It requires also improving the way these mechanisms are
translated into mathematical formulations and numerically solved (e.g. Stelling,
2012; Casulli and Stelling, 2013)).
As supercomputers, which deliver the possibility of multithreading and shared
memory, became a more affordable technology in the past 2 decades, it started
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being generally recognized the added value of coupling water quality models to
other more sophisticated models that simulate phenomena, which does not concern
directly to reaction-kinetics - generally viewed as the main focal point of water
quality tools - but that, nonetheless, have too a strong impact in the dynamics
of the water quality. Some examples include the coupling to hydrodynamic,
groundwater, hydrological, climate, ecological and food web bioacumulation
models (e.g. Hibi et al., 2015; Rihani et al., 2013; Panday and Huyakorn, 2004).
2.2 State-of-the-art single-environmental compartment models
A large number of flow and transport-water quality models can be found in
the literature. They became more detailed and complex over the years but
most of them still remain single-environmental-compartment tools designed to
address typical surface or subsurface water problems (Furman, 2008). Only more
recently, advances have been made towards including the effect of interactions
occurring between the two systems in the flow and water quality dynamics at
river-reach scales. Tables 2.1 (for SW) and 2.2 (for GW) summarize important
characteristics of some of the most well-established tools currently in use. The
comparative analysis focuses mainly on the capability of the models to account
for these exchange mechanisms and to address the complexity of polluted urban
river-aquifer corridors as outlined in Section 1.2.
Models like WASP6 (Wool et al., 2006) and QUAL2K (Chapra and Pelletier,
2003), which were primarily developed for transport and water quality simulations
by US EPA , use simplified 1D hydrodynamic solvers that are more suitable for
corridor scale studies, where simulations can be run at coarser spatial resolutions
and generally require less detailed hydraulic representations and solutions. They
are unsuitable for cases involving more complicated transient hydraulic and
water quality conditions which can be observed at river-reach scales. Conversely,
emerging models like Delft3D (Roelvink and Van Banning, 1995) and MIKE
FLOOD (DHI, 2007), which were primarily developed to simulate complex 2-
3D hydrodynamic surface flows, have been extended more recently to include
transport-water quality components, either through external, in the case of

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Except for the latter and for catchment scale models - which often use simplified
overland routing methods that are not suitable for river-reach studies-, none of the
other standalone models mentioned above simulates explicitly river-groundwater
interactions.
2.3 Coupling surface water and groundwater models
2.3.1 Aspects of model coupling
The coupling of surface water and groundwater models, both in terms of flow
and transport processes, requires considerations about (i) the physics at the free
surface-porous media interface, (ii) the mathematical formulation to represent
the mechanisms of interaction and (iii) the computational/numerical aspects of
the coupling. Shaad (2015) provides an interesting description of the different ap-
proaches currently in use in relation to hydraulic coupling. Table 2.3 summarises,
extends or simplifies these concepts to identify appropriate approaches for their
coupling to transport phenomena.
2.3.2 State-of-the-art models
Some hydrological models coupling surface water (SW) and groundwater (GW)
components have emerged with the purpose of investigating the hydrology of
river basins. Some popular models belonging to this category are MODHMS
(Loague et al., 2006), InHM and HydroGeoSphere (Brunner and Simmons, 2012),
MIKE-SHE (Refsgaard et al., 1995; Ma et al., 2016) and tRIBS (Ivanov et al.,
2004). However, while the target scale of these models (watersheds) allows for
the diffusion wave assumption or other simplified overland flow routing methods,
for river reach and corridor scale studies such simplifications are unsuitable,
especially to simulate phenomena such as flooding and turbulence, and the
associated transport processes, which require a greater level of detail.
Models coupling surface unsteady hydrodynamic and groundwater flow solvers
started emerging little more than 10 years ago when computers became increas-
ingly faster and more efficient (e.g. Shaad, 2015). Examples of these models are
SWIFT2D-SEAWAT (Langevin et al., 2005), MODFLOW-LGR-VSF-newCFL
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Table 2.3: Aspects of hydraulic model coupling extended to transport
Hydraulic coupling Transport coupling
(from Shaad (2015)) (extended by analogy)
Physics∗ Continuity of velocity and its Continuity of concentration and
gradient across the interface its gradient across the interface
(conservation of mass and (conservation of mass)
momentum)
Mathematical Conductance-based model1 The conductance-based model can
formulation# be adapted to compute fluxes of
mass (q·c) instead of fluxes of
water (q)
Mathematical transformation2 A similar approach could be,
in principle, applied to the ADEs+
of both systems
Subsurface expressed as surface ADEs can be used directly
Surface expressed as subsurface ADEs can be used directly
Computational/ External coupling3 External coupling is also possible
Numerical Interative coupling4 Interactive coupling of the ADEs is
coupling possible but has to be included
inside the hydraulic coupling for
the update of the hydraulic
conditions that govern the
transport processes
Integrated coupling5 Integrated coupling is also possible
but under the same conditions
outlined for Interactive coupling
∗ According to Furman (2008) some variations to this approach do not treat the
velocity gradient as continuous
# Refer to Shaad (2015) for more details on each of the formulations
+ ADE: Advection-disperion equation
1 The exchange fluxes are computed based on the (1D) Darcy’s law applied to each cell
in the domain: qv =
Kcond
m
· (∆ψ), where Kcond/m is the conductance of the bed
divided by its thickness and ∆ψ is the piezometric head difference between the surface
and subsurface domains.
2The governing equations for the surface and subsurface domains are mathematically
transformed and harmonized through the "sink" and "source" term pairs.
3 Models are run separately in a predefined sequence. Outputs of each model are used
as boundary conditions in model that succeeds.
4 Similar to "External Coupling" but some feedback of information is allowed
throughout the simulation.
5 All equations are solved in parallel alongside with the interactions between the
models computed and updated throughout the simulation.
(Borsi et al., 2013), MODFLOW-OWHM (Hanson et al., 2014) and 2dMb-
MODFLOW (Ruf, 2007; Shaad, 2015)
In spite of this, the full coupling of 2D surface and 3D groundwater flow
models is still incipient (Furman, 2008). Moreover, many of the models are
unsuitable for studies involving complex environments such as urban areas. As
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outlined in Section 1.2, these require for instance, allowing for moving boundary
problems for flooding and wetland simulations (Shaad, 2015), and the further
integration of transport and water quality subroutines to predict the propagation
of pollution (e.g. Langevin et al., 2005; Zerihun et al., 2005).
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3 Limitations of Single-Compartment Models
In this chapter, the main limitations of single-compartment modelling approaches
to address pollution problems in the complex urban environments described in
Section 1.2, are characterised and discussed. This is accomplished by taking
into account both the theoretical aspects highlighted in the literature review,
Section 3.1, and more practical considerations based on two preliminary studies
and model applications performed using single-compartment models, Section
3.2. The work is used to determine the critical model characteristics and model
components that are needed in the new integrated modelling framework for
portraying a solid and sound enhancement to conventional modelling practices.
3.1 Considerations based on the Literature Review
The literature review presented in Section 2 showed that the great majority of
the state-of-the-art models currently in use have at least one of the characteristics
described below, which makes them inadequate for detailed river-reach scale
simulations of coupled river-aquifer pollution dynamics in complex cases involving
transient conditions and/or in irregularly-shaped streambeds:
1. Most are single-system models developed to address typical river (e.g., QUAL2E,
Brown and Barnwell, 1987) or aquifer (e.g., PHT3D, Prommer et al., 2003) prob-
lems. While processes affecting the targeted systems are explicitly modelled, those
arising from interactions with the other, non-modelled systems are, if included
at all, forced through a set of boundary conditions, the definition of which is in
many cases simplified or difficult to link with reality (see Fig. 3.1) .
2. The interaction between river and aquifer in both the channel and the flood-
plain is a complex and dynamic process. It may occur in both directions, depend-
ing on the relative position of the water table and the river water level. Flow
and mass exchange between river and aquifer are, when not ignored, simplified
to uniform or linearly-varying predefined rates (e.g., MT3DMS and MODFLOW-
OWHM; Zheng, 2010; Hanson et al., 2014). Other models operate at daily time
steps (e.g., SWAT, Arnold et al., 2012) which is not adequate to look at transient
short term events, such as floods or accident spills.
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Figure 3.1: Conventional scheme of external coupling of standalone models. BC refers to
boundary conditions. One-way simulation paths do not allow accounting for feedback processes
occurring between systems.
3. Thus, the reversing of the flux direction across the interface may occur, in
turn causing each system to act alternatively as source or sink (see Fig. 3.2 for a
conceptualisation of this mechanism).
Figure 3.2: River-groundwater mass exchange feedback is highly variable. The vertical arrows
show the hypothetical direction of a mass transfer, the magnitude and the nature of which
depends on the concentration distribution of the system acting as a source, respectively the
river in the case of infiltration and the aquifer in the case of exfiltration, and on conditions that
may induce non-linear behaviours
Therefore, a realistic simulation of the exchange of mass through the river-aquifer
interface, which depends on the continuously changing pressure gradients and
distribution of concentrations across the system acting as a source, which may
change over time, requires solving river and groundwater flow and transport equa-
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tions in parallel, alongside with explicit tracking of interactions and continuous
updating of the surface and groundwater systems. In the case of externally cou-
pled river and groundwater models, such flux oscillations caused by river-aquifer
interdependent dynamics are not simulated and are typically forced through
boundary conditions.
4. Externally coupled flow and transport models have additionally the disadvan-
tage that flow information needs to be stored by the flow model for subsequent
use by the transport subroutine/model. This may lead to a disproportionate
growth of storage needs during long term simulations, thus making external
coupling unattractive or sometimes impossible.
An example of a fully coupled model attempting to solve the limitations
enumerated above is provided by the coupling of MIKE FLOOD - a 1D/2D
surface hydrodynamic model - to FEFLOW - a 2D/3D groundwater flow, transport
and water quality finite element model. The coupling makes use of MIKE11 -
the 1D hydrodynamic solver of the river network in MIKE FLOOD - through
the ifmMIKE11 plug-in, which allows both models to exchange flow and mass
information at all time steps, thus allowing the coupled model to mimic a possible
exchange of flow and transport direction during transient conditions. However,
the interaction between river and aquifer is limited to the pre-defined river
network, due to the 1D character of the surface hydrodynamic model, thus
making impossible the simulation of inundation events, which extend over the
broader river corridor.
Another model worth to mention is the control-volume finite element hydro-
logical model HydrogeoSphere (HGS), which aims at simulating the terrestrial
portion of the hydrological cycle. It is a fully-integrated subsurface and surface
flow and solute transport that solves the 2D diffusion wave equation. This is
appropriate for gradually varying flow in mild slopes but less suitable to inves-
tigate unsteady flow regimes involving flood propagation in complex irregular
streambeds.
Although joint modelling of 2D surface and 3D groundwater flow combined
with transport and water quality simulation is typically computationally demand-
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ing, the computational price to pay is worth the gain of an unparalleled ability
to explore integrated river-aquifer pollution problems, especially considering the
challenges posed by the complexity of interactions in environments like the urban
and peri-urban river corridors for both diagnostic and planning purposes.
In this work the joint modeling allows much better reproduction of data with
clear understanding of the underlying processes
3.2 Practical considerations based on real Model Applications
Two single-compartment river models, one 1D and one 2D, were used in two
preliminary independent studies. Each model application was designed to study
a particular pollution problem that characterises the Ciliwung River.
In the first study (Section 3.2.1), the key processes affecting the transport and
fate of domestic pollution in the Ciliwung River were investigated using a 1D river
model. In the second study (Section 3.2.2), effort was given into understanding and
quantifying the importance of particular morphological aspects that charactetise
Central Jakarta, in controlling the impact of flooding using a 2D river model.
For each model application, considerations are provided regarding the lim-
itations of single-compartment model to characterise pollution patterns and
pathways when compared to more integrated river-aquifer modelling approaches.
Each of the two standalone model applications presented allowed also to build
the necessary knowledge for the formulation of pertinent research questions to
address in this research with the new integrated model, which are presented in
Chapters 10 and 11, respectively.
3.2.1 1D River Model Application: Transport and fate of domestic
pollution
3.2.1.1 Problem statement, objective and methodology The nature
of pollution sources in environments like the "kampungs" (i.e. hamlets often
turned into slums) can be very much seen like that of a diffuse source. The
number and location of effective point sources is undocumented, thus making their
individual modelling practically impossible. To identify the processes affecting
the transport and fate of domestic pollution in the Ciliwung River and investigate
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the river response to pollution and the ability to wash away the pollution, a
coupled 1D hydrodynamic and water quality model was calibrated to estimate
not only reaction rates but also pollution loads. The parameterisation of the
model consists in fitting the modelled data to observations between stations
located in the upstream regions where pollution sources are known to be smaller.
This allowed minimising the influence of large pollution inputs that would have
made difficult, given the available data, modelling natural processes. Pollution
loads were in turn estimated through inverse modelling by fitting simulations
to observations. To this purpose, data from stations located in the downstream
regions of the metropolitan area of Jakarta were used, which are known to receive
more pollution.
3.2.1.2 Data description and analysis The streamflow and water quality
datasets used were collected by the Department of Water Resources Management
of the West Java Province Government. The streamflow level and quality gauging
stations are located in Katulampa, Kampung Kelapa, Ratu Jaya and Sugumatu.
Two additional water quality monitoring stations exist at Jembatan Sempur
and Kendung Halang (see all locations in Fig. 3.4). Flow was estimated on the
basis of rating curves derived for each of the sections. The data was collected at
monthly intervals between 2005 and 2006 and includes a range of chemical and
biological parameters, from which DO, BOD5, NH3, NO−3 and TSS were used in
this study. Figure 3.3 provides a brief summary of the flow and quality data used
for both the dry (July-Oct.) and wet (Nov.-June) seasons.
The DO clearly drops during the dry season throughout the river length.
During this period and contrary to what one would expect, the concentration of
BOD5 also decreases significantly, thus suggesting that other processes rather than
organic matter oxidation are playing a role in the oxygen balance. Since domestic
pollution is likely to be relatively constant throughout the year, the increase
in BOD5 concentration during the wet season suggests additional loading that
enhance the concentration despite the larger amounts of fresh water entering the
system. Such additional loading is likely to be biomass material from plants. The


























































































































































































































































































































































































slight increase in the average temperature throughout the river catchment, which,
in turn, decreases the oxygen saturation concentration. NH3 concentrations
seem to decrease during the dry season, while NO−3 shows an opposite tendency.
Regarding TSS, the measurements show a significant increase in the concentration
during the dry season possibly due to reduced dillution capacity of the streamflow.
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Finally, the decrease in flow between Kelapa and Ratu Jaya is due to a municipal
abstraction from a Water Treatment Plant (WTP), which supplies fresh water
to part of Bogor and Depok cities.
3.2.1.3 Model description and application The Water Quality Simula-
tion Program (WASP), a flow and water quality numerical model developed by
US EPA (Wool et al., 2006), was calibrated using data from the flow and water
quality stations mentioned in the previous section. Due to data constraints, the
model was applied to the river stretch spanning between the Katulampa dam and
Sugutamu, the length of which is discretised into 48 segments of approximately
1.0 km each (Fig. 3.4).
The WASP model uses the 1D mass continuity and momentum equations
solved for the kinematic wave approximation to determine the flow characteristics,
such as depth, velocity, under given flow rate and cross-sectional area (Wool
et al., 2006; Lai et al., 2012). It provides in addition a wide range of code options
to simulate various water quality processes and parameters. The EUTRO code
option, which allowed focusing on simulating DO related processes, was selected.
The model simulates BOD oxidation, NH3 nitrification, NO−3 denitrification,
reaeration and dam reaeration through the 1D advection and dispersion equation:
∂c/∂t+ u(∂c/∂x) = E(∂2c/∂x2) +Ki, where c is the concentration, u and E are
respectively the velocity and dispersion coefficient along the channel direction and
Ki is the reactive term of each considered process, i. The reactive terms of the
considered processes are shown in Equations 1-4, where kNH3 , kNO−3 and kBOD
are nitrification, dinitrification and BOD oxidation rates at 20oC; kHNH3 , kHNO−3
and kNBOD are half saturation constants for oxygen limitation; θNH3 , θNO−3 and
θBOD are temperature coefficients, T is the average temperature, ka and ka,dam
are reaeration and dam reaeration coefficients and cDOs is the dissolved oxygen
saturation concentration.
















































































































Among the literature formulas to estimate the reaeration coefficient, the
equation introduced by Churchill et al. (1962), ka = 5.049(u0.97/H1.67), where
H is the water depth and u the velocity, was adopted based on hydraulic
considerations. The dam reaeration was calculated from Chapra (1997) as
ka,dam = 1 + 0.38abH(1 − 0.11H)(1 + 0.046T ), where a and b are coefficients
characterising water quality and dam-type, and T is temperature.
Lateral and vertical diffusion and dispersion were neglected by assuming
that any pollution input is likely to be fully mixed in the vertical and lateral
directions within the same model segment (1 km). Conversely, the longitudinal
dispersion coefficient E, typically ranging between 10−1 and 104 m2/s (Schnoor
et al., 1996)) was estimated using Fisher’s formula (Churchill et al., 1962),
E = 0.011u¯2B2/(Hu∗), where u¯ is the average velocity, B is the average river
width, u* is the shear velocity calculated as u∗ = (gHS)1/2, and S the channel
slope. The average E modelled was relatively small, 8.48 m2/s, likely reflecting
the quasi-laminar flow regime predominantly encountered in the river at the time
of the survey.
The upstream boundary conditions are defined by flow and water quality data
at Katulampa. Since a detailed hydrological study or model was not available at
the time of this preliminary study, flows along the river reach were obtained by
interpolation between stations as a function of the relevant drainage area. The
differences observed between subsequent flow stations records are assumed to be
due to precipitation in the case of an increase and infiltration to the groundwater
and abstractions in the case of a decrease.
In addition, precipitation was considered free of pollution and infiltration
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assumed to cause both water and pollutant losses from the river system. Regarding
the WTP abstraction between Bogor and Depok that was previously mentioned
in Subsection 3.2.1.2, it was assumed that it withdraws only water from the river,
since it is known that all the sludge produced in the treatment process is returned
back to the river. Various simulations were carried out to test this assumption
and the model performance dramatically worsened when assuming that both
water and contaminants were withdrawn from the river.
The initial values and boundary conditions for the ultimate BOD were cal-
culated from the BOD5 available data and by considering the exponential (first
order) nature of oxygen demand, i.e. BOD = BOD5 · (1 − e−kt)−1. Lacking
experimental values for the reaction rate constant, k, Penn et al. (2006) sug-
gests the use of values between 0.1 and 0.2 day−1 in the case of river waters.
Phytoplankton and sediment oxygen demand were not considered due to lack of
data.
3.2.1.4 Results and discussion First, the sensitivity of the model to varia-
tion of its parameters was tested and evaluated. This was performed through
a series of model runs using different parameters sets. Table 3.1 shows the
parameters fixed by calibration and some of the results. This step was extremely
important not only to parameterise the model but also to provide a baseline for
estimating pollution loads through inverse modelling. The time step used was
calculated obeying the Courant condition and varies between 0.002 and 0.019
days. The simulation period covers a 2 years period between 2005 and 2006.
The results show that the model is extremely sensitive to reaction rates.
However, as expected, not all of them impact oxygen concentration in the same
way. BOD oxidation and reaeration play in turn a dominant role in the oxygen
balance. Fig. 3.5 shows the results obtained after calibration for the case of with
and without pollution loadings.
The model was revealed to be very sensitive also to the scheme used to
characterise the pollutant loads. Results using a spatially uniform load lead to
a better match between observed and modelled data when compared to those
obtained using a variable load spatially distributed according to urban density.
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Table 3.1: Parameters fixed in the WASP modelling process and some results of the model
sensitivity analysis
Calibrated Model Impact on DO
Parameter Range values sensitivity concentration
E 10−10-500 8.48 low low
KBOD 0.05-0.3 0.2 high high
θBOD, θNH3 and θNO−3 - 1.04 low low
KHBOD - 0.3 high low
Ka 0.05-100 eq. low high
Ka,dam - eq. low low
KNH3 0.05-0.15 0.06 low low
KHNH3 - 0.01 high low
KNO−3 - 0.03 high low
KHNO−3 - 0.01 - low
This seems to support the above mentioned hypothesis about domestic sources
not being the only primary cause of water degradation in the stretch of the
river modelled. The estimation of loads through inverse modelling of BOD, NH3,
NO−3 and TSS are of the order of magnitude respectively of 100, 1.1, 30 and
1000 kg/km.day, which in the case of BOD seems to be high for a small river
and comparable to some rivers in Europe and North America subject to heavy
industrial pollution during the 1950’s (Churchill, 1954). Assuming a standard
soil volumetric weight of 2.65 g/cm3, this means a load of approximately 0.37
m3/km.day for TSS. Between Ratu Jaya and Sugutamu (see locations in Figure
3.4), the model also indicates that the load of BOD more than doubles, which
is likely to be related to the increase in urban density (metropolitan area of
Jakarta) leading to a larger amount of domestic wastewater being discharged
into the river.
3.2.1.5 Summary Although with limited data available for calibration, the
WASP model allowed understanding important seasonal phenomena for most
variables. With the exception of NH3 the results show generally a good agreement
with the observed data. The model can predict the overall dynamics of most of
the variables but fails to capture some of the steep gradient variations. While it
is difficult to diagnose the reasons for this in this case study, one speculates that





























































































the field measurement, which only a proper field campaign to cross-validate the
data and model performance can address.
The increase in BOD5 concentration during the wet season seems to suggest
the presence of additional pollution sources to the domestic ones, such as increased
mobilisation of urban pollution through rainfall-runoff and augmented transport
of biomass from dead plants. The high loads estimated for BOD are a clear signal
of the anthropogenic footprint on this river. The model suggests that BOD load
almost doubles between the last two stations, likely due to a larger domestic
pollution at the outskirts of Jakarta. The high TSS loading (0.37 m3/km.day)
is due to the composition of the riverbed sediments, largely dominated by fine
particles. The simulations show that the river has a limited but significant ability
to wash away the pollution, which could be potentially increased by appropriate
remodelling of the bed morphology. In the future, an inverse modelling exercise
should also be tested for time-variable loadings as a great diurnal load variation is
likely to exist and may play an important role in the overall contaminant budget.
3.2.1.6 Pros and cons of uncoupled simulations The use of 1D river
models presents the advantage that they are relatively straightforward to imple-
ment even with limited data. In the particular case of WASP, the simulations
profit also from a wide range of embedded subroutines that have been developed
and improved over the years, which allow simulating a number of different water
quality problems. Conversely, only the river domain is simulated and it is repre-
sented by a predefined 1D river channel. This limits the ability of the model to
adequately account for variations in the flow characteristics that may eventually
arise from the moving of flow lateral boundaries, often caused by uneven terrain
and riverbed morphologies, which ultimately certainly affect the mechanisms of
advection and dispersion of contaminates.
Additionally, since WASP does not simulate the groundwater domain, it
cannot account for the exchange of contaminants between the two systems, which
may be important in some river systems, as it is the case of the Ciliwung River -
recall from Section 1.4 that this river is known to gain water from the groundwater
through baseflow (i.e. gaining stream) in the upstream and middle stream sections,
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and to lose water to the groundwater (i.e. losing stream) in the downstream
section. Under these circumstances, it is possible that the mismatch between
observed and simulated NH3 concentrations in Figure 3.5d is eventually related to
the exchange of flow and contaminant with the groundwater,a hypothesis which
could be theoretically investigated if using instead a more integrated SW-GW
modelling approach.
3.2.2 2D River Model Application: The impact of urban floods in
Central Jakarta
3.2.2.1 Problem statement, objective and methodology As previously
mentioned in Section 1.4, the development of basic sanitary infrastructures in
Jakarta is lagging behind, a problem that is unfortunately common to many
emerging megacities. As a consequence, untreated wastewater is mainly stored
in septic tanks or directly discharged into the river. Same of these urban areas,
including Jakarta, are also frequently subject to floods which carry significant
loads of pollutants, further exacerbating the problem of pollution and threatening
the surrounding environment and the affected communities. Regions combining
flooding and pollution problems can be found not only in Jakarta but all over
the world, with regions like India and South-East Asia hosting many of them.
A prominent case in Jakarta is the neighborhood of Kampung Melayu, located
along the banks of the Ciliwung River and regularly affected by flooding and
pollution. Flooding occurs oftentimes on a daily basis during the wet season,
thus threatening the health and wellbeing of the exposed communities, which are
moreover dependent on the river and its groundwater system for the basic needs.
The persistence of such a situation suggests a considerable sanitary risk, which
may be potentially aggravated by (1) the local morphological characteristics of
the river and by (2) the high urban density of the flooded neighborhood.
In this study, the relative effect of these two features was quantified in
terms of its impact on the hydraulics and water quality of the river through the
combination of a 2D flow and transport river model with two auxiliary design
tools, Rhinor (McNeel, 2008) and Grasshopperr (McNeel, 2010), which were
used to generate and manipulate digital terrain models. The river model used is
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an updated and customised version of 2dMb fully coupled to +QeS2 (see Section
5.2 and Shaad and Burlando (2013) for more details on these models).
This coupled model was used to study and quantify the impact of complex
overland urban flooding patterns in the propagation and trapping of pollution.
To this purpose, both DSM and DTM models of Kampung Melayu were used in
conjunction with a series of (complementary) hypothetical ones representative of
different urban and river morphological configurations. The hypothetical terrain
models were designed to permit the isolation of the contribution of particular
morphological characteristics in the overall impact of the flood and propagation
of pollution in view of river restoration projects.
A series of preliminary tests were first run to identify the most sensitive
parameters and to guide the conceptualisation and definition of relevant hypo-
thetical configurations. These simulations included the testing of different urban
features, such as urban density and terrain slope; and model characteristics,
such as grid size and roughness. The knowledge gained was used to formulate
a number of targeted - problem oriented - simulations that are, on the one
hand, computationally efficient and, on the other hand, set to address the key
dominating morphological controls of the multifaceted and complex problem.
The evaluation of the simulation results was carried out by complementing
the analysis of conventional flood related variables - water depth (h), velocity
(u), concentration (c) and inundated area (Ainun) - with qualitative and statis-
tical metrics that allow a more holistic and comprehensive assessment of the
results. The qualitative assessment was carried out by graphically evaluating the
distribution and spread of overbank pollution flood plumes. The quantitative
evaluation was, in turn, based on two statistical metrics. The first consists in
the comparison of the overall spatial and temporal variability of the four flood
related variables by computing the Root-Mean-Square (RMS, e.g. Willmott












where p refers to the considered variable, h, c, u and Ainun; nx, ny and nt are the
number of grid cells in the x and y directions in the Cartesian coordinate system
and the number of simulation time steps; and the subscripts t, x and y indicate
the spatial and temporal location of each value of the simulated variables.
All simulations reached quasi-steady-state conditions during the ascending
limb of the flood hydrograph - corresponding to the initial 10% of the simulated
event - and therefore the computation of RMS was limited to this period for it
includes the most relevant unsteady behaviour and thus saving on computational
time. RMS statistic was computed using the results obtained over the entire
model domain. 2dMb applies the depth-averaged continuity and momentum
equations neglecting the contribution of vertical velocities to the overall vertical
momentum budget (i.e. it assumes hydrostatic conditions), which often results
in overestimated velocities near vertical walls. Velocities above 10 m/s were
therefore excluded from the calculations.
Secondly, a normalised and dimensionless RMS-based metric, NRMS, was
introduced to rank and compare the overall performance of all terrain scenarios.






















where RMS(p) and RMS(p)max are the corresponding root-mean-square and
maximum root-mean-square statistics of the generic variable p, which are calcu-
lated for all the tested terrain configurations.
3.2.2.2 Model description and application Fig. 3.6 summarises the main
characteristics of the terrain models used in the simulations. It includes four
hypothetical terrain models (Scenarios 1-4), which were formulated for compar-
ative purposes, and two real terrain models (Scenarios 5-6), which correspond
to Kampug Melayu. The last two were developed based on the digital terrain
model "TM-Kmpg. Melayu" described in Section 9.4 and represent the situation
of without (Scenario 5) and with (Scenario 6) buildings. Scenario 6 was obtained
from the direct re-sampling (downscaling) of "TM-Kmpg. Melayu" to a 2 meters
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resolution grid using the cubic convolution algorithm. Finally, Scenario 5 was
obtained from the interpolation of points in Scenario 6 corresponding to the
ground level, work which was done by researchers at the Future Cities Laboratory
using the LasTools c© software.
Scenario River channel Catchment type Floodplain type
1 Hypothetical (Straight river) Rural Flat
2 Hypothetical (Straight river) Urban Flat
3 Hypothetical (Meandering river) Rural Flat
4 Hypothetical (Meandering river) Urban Flat
5 Real Rural DSM (without buildings)
6 Real Urban DTM (with buildings)
Figure 3.6: (a) Aerial views, scale 1:33, and (b) main morphological characteristics of the simulated terrain scenarios.
Scenarios 6 corresponds to the real case of Kampung Melayu
Since Kampung Melayu and most of the mid- and downstream areas in
Jakarta are nearly flat (Santikayasa, 2006; Tikno et al., 2013), the floodplains in
the theoretical models were also set horizontal (no slope) to allow for meaningful
comparisons. These models were designed in such a way that for each type of
channel (straight or meandering), both urban density models (rural or urban) were
tested, which results in 4 combinations. In the case of the scenarios representative
of Kampung Melayu (Scenarios 5 and 6), both urban densities (rural and urban)
were also tested.
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Table 3.2 summarises the model setup characteristics used in all simulations,
which includes a continuous point loading of a hypothetical contaminant to
account, as a proxy, for the capacity of the different scenarios to disperse pollution
in the RMS-based calculations. No other pollution sources are considered.
Table 3.2: Model setup characteristics used in all simulations
Feature Description Units Additional information
Model domain size and
dimensions 1.028200 km
2 rasterized domain
(=970 x 1060 m)
Grid horizontal size 2 x 2 m 257050 cells (= 485 x530)
Pollution source 1 discharge point [-] continuous
Contaminant type conservative [-] -
Pollution discharge rate 1 g/s 86.4 kg/day
Simulation period 35 hours -
Fig. 3.7 shows the hydrograph used in the simulations, a flood event occurred
in 2002. According to Sagala et al. (2013), this flood inundated an area of
approximately 330 km2, including Kampung Melayu, forced the evacuation of
400,000 people and caused 22 casualties and a 1.8 billion IDR loss (Indonesian
currency, ≈ 150,000 USD)
Qpeak = 160 m3/s
tpeak = 16 h
Duration = 1.5 day
Figure 3.7: Hydrograph used in the simulations corresponding to an event occurred in January-
February 2002. Data was provided by the Department of Water Resources Management of the
West Java Province Government of Indonesia
The flood hydrograph used is representative of the events oftentimes affecting
the region, offering thus a good basis for assessing the role of the river and terrain
characteristics in mitigating or aggravating the problem.
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3.2.2.3 Results and discussion
Qualitative analysis Fig. 3.8 compares the concentration spatial distri-
bution for all scenarios for a particular simulation time instant during the rising
limb of the hydrograph.
Figure 3.8: Snapshots of the simulated concentration spatial distributions after 1.7 hours of the start of the
simulation
Results in Fig. 3.8 show a differentiated impact of the various river and terrain
morphologies in the propagation of both the flood and contaminant. It shows
that complex flow patterns may cause highly non-linear mixing phenomena.
Hypothetical urban Scenarios 2 (Straight channel) and 4 (Meandering channel)
suggest, when compared to the corresponding rural ones (Scenarios 1 and 3,
respectively), that the presence of obstacles has a particularly strong impact in
the dilution phenomena because it causes preferential flow paths and non-uniform
velocity fields, which significantly increasing the mixing process. Conversely, the
speed of the wave front is reduced from rural to urban conditions because the
inundated areas are, for the same time instant in the simulation, distinctively
smaller in the scenarios representative of urban conditions when compared to the
homologous ones in rural conditions - compare Scenario 1 to 2 and Scenario 3 to
4. Moreover, when comparing further to the real scenarios based on Kampung
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Melayu, which determine conditions of even higher urban density and unevenness
of the floodplain terrain - compare Scenario 1 to 2 and to 5, and Scenario 3 to
4 and to 6 -, this effect is even more pronounced, which points once more at
the blocking (or delaying) effect of buildings and other urban infrastructures
to the propagation of the flood. The reader is referred to Appendix A for
complementary/additional qualitative analysis.
Quantitative analysis: Univariate evaluation In Fig. 3.9, the perfor-
mance of each hypothetical configuration is evaluated by means of the RMS
metric for each of the simulated variables: water depth (h), velocity (u), inun-
dated area (Ainun) and pollution concentration (c). The closer to zero the RMS
values are, the better the performance of the configuration with respect to that
variable (closer to the "blue" line as opposed to the "red" line), as it relates in all
cases to a hazard reduction and therefore to safer conditions during the flood
event.
Figure 3.9: RMS values for all scenarios and all flood- and water quality-related variables:
panel (a) water depth - h, panel (b) velocity - u, panel (c) inundated area - Ainun and panel
(d) concentration - c. Note that each rural scenario (gray bars; Scenarios 1, 3 and 5) has a
corresponding urban scenario (black bars; respectively Scenarios 2, 4 and 6). The "blue" and
"red" lines are drawn as reference to what is considered, respectively, a better and worse results
Results show that an increase in the urban density (from rural to urban)
does not have the same effect in all flood- and pollution- related variables -
38
compare gray (rural) and black (urban) bars within each corresponding terrain
scenario, i.e. Scenario 1 to Scenario 2, Scenario 3 to Scenario 4 and Scenario
5 to Scenario 6. With respect to flood related parameters, the effect consists
on an increase in the water depth - panel (a) - and velocity - panel (b) - and
a decrease in the inundated area - panel (c). Surprisingly, with respect to
pollution concentration, the effect is different within hypothetical (Scenarios
1-4 in panel (d)) and real (Scenarios 5-6 in panel (d)) terrain scenarios. In
the hypothetical scenarios, the concentrations - panel (d) - decrease between
Scenarios 1 (Straight River+Rural) and 2 (Straight River+Urban) and between
Scenarios 3 (Meandering River+Rural) and 4 (Meandering River+Urban), as one
would expect due an increasing in the non-uniformity of overland flow conditions
due to the presence of the buildings, that in turn increases the mixing process.
However, in the real scenarios the concentrations surprisingly increase between
Scenario 5 (rural) and 6 (urban). A most plausible explanation for this behaviour
is the trapping of pollution after entering and filling up depressions in the terrain
and dead-zones at higher concentrations during the early stages of the flood. The
reader is referred to Appendix A for complementary analysis.
A similar comparative analysis now in terms of the impact of the channel
type (Straight or Meandering) on the different flood- and water quality related
variables, reveals a similar behaviour to that of the previous case, i.e. trends
from Straight to Meandering channel (from Scenario 1 to 3 and to 5 for the rural
case (gray bars) and from Scenarios 2 to 4 and to 6 for the urban case (black
bars)) is similar to that from rural to urban density (from Scenario 1 to 2, 3 to 4
and 5 to 6). Note that we consider here that the scenarios representative of the
real cases (Scenarios 5 and 6) determines a situation that is an intensification of
the hypothetical Scenarios 3 and 5 (Meandering River) in terms of the "degree"
of channel meandering. Interestingly, opposite trends can be observed in terms of
concentrations for the rural (change between Scenarios 1, 3 and 5; gray bars in
panel (d)) and urban (change between Scenarios 2, 4 and 6; black bars in panel
(d)) cases. While in the rural case, concentrations - panel (d) - decrease with the
"degree" of channel meandering, in the urban case, the opposite is observed. This
points once more at the trapping effect mentioned previously, but in this case
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that is more likely caused by a backwater effect determined by an increased in
the "degree" of channel meandering.
Table 3.3 provides an overview of the RMS values computed for each scenario,
as well as comparisons between specific scenarios.
Results in Table 3.3 suggest that:
1. Pollution concentration (c): urbanisation (rural to urban) decreases overland
concentrations between 28% (row b) and 22 % (row d) in the hypothetical
scenarios, but increases by 13% (row f) in the real case scenario for the reasons
explained above related to the trapping effect in terrain depressions and dead
zones (e.g. dead alleys) in the urban fabric;
2. Water depth (h): both urbanization (rural to urban, row b) and an increase
in the "degree" of channel meandering (straight to meandering, row c) increase
similarly the water depth RMS by 129% in the hypothetical scenarios, which
suggests that opposite effects (which are desirable to reduce the flood hazard in
the affected communities) can be obtained through restoration and/or planning
options, e.g. reduction of the urban density. However, the corresponding effect of
urbanisation in the real scenarios is smaller (+ 42%, row f) because the baseline
rural scenario used for comparison - Scenario 5 (Real+Rural) - is not perfectly
flat as the hypothetical rural scenarios and, therefore, it introduces already some
resistance to the propagation of the flood, which then reduces the difference
between the rural (Scenario 5) and urban (Scenario 6) case scenarios.
3. Velocity (u): although the overall flood wave speed decreases when the river
and urban morphology are more irregular (i.e. rural to urban, and straight to
meandering channel) - as previously discussed on based Fig. 3.9 -, the average
local velocity increases (rows a-f) because the flow pathways become longer and
more irregular as flow as to get around the different obstacles (e.g. buildings).
This phenomena is analogous to that in porous media flow, whereby the average
interstitial velocity (i.e. in the pores) is much higher than that observed one at
macro-scales.
4. Inundated area (Ainun): while velocities and water levels increase when adding






























































































































































































































































































































































































































































































meandering channel) morphologies, the opposite trend is observed in terms of
inundated areas (rows a-f). When comparing the two extreme cases, hypothetical
Scenario 1 (Straight River+Rural) to real Scenario 6 (Urban), one observes that
"morphological unevenness" can lead to a reduction of 80% in the extent of the
flood.
5. Ratio between the highest and lowest RMS values: the RMS values vary
differently between scenarios and for each of the variables considered. While
velocities observe the highest amplitude between scenarios (ration = 6), concen-
trations observe the lowest (ration = 1.42), which suggest that restoration and/or
planning options that consider manipulations in the urban and river morphologies
are likely to have a limited effect on the levels of pollution.
Quantitative analysis: Multivariate evaluation Significant differences
in the results obtained in the previous section for each terrain scenario, i.e. with
respect to the different individual flood- and water quality-related variables, makes
the comparison of their overall performance difficult. An additional framework
to integrate such variations was thus needed to enable a meaningful comparison
of the efficiency of the different morphological features analysed to mitigate the
impact of flood and pollutant waves.
In this context, the normalised RM metric introduced in Section 3.2.2,
NRMS, was used as it allows a multivariate evaluation among dimensionless
RMS values that removes the differences intrinsic to the nature of each variable.
Figure 3.10 shows the values of NRMS for each terrain scenario computed for
incremental number of variables. This is to highlight the contribution of each
of those variables to the final results. Panels (a) to (d) display the intermediate
results - incremental construction of the final results -, with panel (d) displaying
the case when the normalised RMS of all variables are considered in the calcula-
tion of the NRMS. It should be noted that the results displayed in panel (a)
are a normalised form of those in panel (d) of Figure 3.9 and therefore it’s worth
only its relative comparison in relation to the results in the other panels. The
"blue" and "red" lines are drawn as a reference to what is considered, respectively,
a better and worse result in relative terms - results cannot be viewed in absolute
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terms because of the normalisation procedure involved in the NRMS calculation.
Figure 3.10: Intermediate calculations of NRMS values for incremental number of variables.
The "blue" and "red" lines are drawn as a reference to what is, respectively, a better and worse
results
A close examination of the plots in Figure 3.10 points at the following
considerations:
1. Hypothetical Scenario 1 (Straight Channel+Rural) seems to theoretically
provide the best compromise in terms of both hydraulic and water quality response
to overbank flow during floods - see panel (d). However, such a configuration
is not a real option in the context of urban areas. By analysing closely how
the NRMS values change when multiple variables are considered - panels (a)
to (d) - it becomes apparent that although Scenario 1 is the worst performing
with regards to promoting the mixing of pollution and in limiting the extent
of the flood, it is the best, as intuitively expected, in terms of overall reducing
overbank flow water depths and velocities - see panels (b) and (c). In contrast,
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real Scenario 6 (Urban) seems to perform particularly badly with respect to
most parameters (also visible in Table 3.3, row f), which inevitably leads to a
comparatively high NRMS value - panel (d).
2. In the overall performance of each scenarios, it is also visible here the negative
impact of urbanisation (rural to urban; compare Scenarios 1 to 2, 3 to 4 and 5 to
6; gray to black bars) and of increased "degree" of channel meandering (straight
to meandering channel, compare Scenarios 1 to 3 and to 5 for the rural case -
"gray" bars, and Scenarios 2 to 4 and to 6 for the urban case - "black" bars) in the
increase of NRMS values displayed across panels (b) to (d) in Figure 3.10. As
previously mentioned, for the particular case displayed in panel (a), the reader is
referred to Section 3.2.2.3, more specifically to the discussion provided relative
to panel (d) in Figure 3.9.
3.2.2.4 Summary Analysing both the urban and river channel morphologi-
cal properties of a certain region through a numerical experiment of flood and
pollutant transport processes under different hypothetical landscape configura-
tions can provide interesting (and quantitative) insights to the vulnerability of
urban river corridors, in general, and of Kampung Melayu (and Central Jakarta)
and the Ciliwung River, in particular, to flooding and river pollution.
The use of the Root-Mean-Square (RMS) metric for univariate analysis and
of a Normalised-RMS (NMRS) function for multivariate analysis proved to be
an effective method for comparing and benchmarking the overall performance
of a set of hypothetical and real terrain configurations or features based on
numerical experiments that take into account both hydraulic and water quality
considerations. The analysis focuses on the initial phase of the flood, a portion
of the rising limb of the hydrograph, to capture the critical stage when overbank
flow initiates and the pollution plume is developing but still unevenly distributed.
Based on the hypothetical terrain configurations, the study suggests that
increasing the urban density (in the floodplain only and excluding the case when
it causes river encroachment) helps in reducing the extent of the (overland)
flood once it has been initiated (up to 37%, depending in the morphological
characteristics of the river channel), or at least in delaying the flood wave, due
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to buildings and other infrastructures blocking/hindering the propagation of the
flood wave. Results suggest also that urbanisation increases the capacity of the
river to disperse the overbank pollution transported in the flood wave between
22 and 28% depending also on the river morphology. However, it presents the
drawback that it causes the overbank average water depth and the local flow
velocities to be higher in the floodplains between 7% and 130% (depending on
the morphological characteristics of the river channel) when compared rural
conditions, which can ultimately be related to an increase in the flood hazard to
the affected communities. Regarding the impact of different river morphologies
in the overall vulnerability to flooding, which was analysed mainly in terms of
the "degree" of channel meandering, the simulation results suggest that naturally
meandering rivers are particularly effective in reducing the flood extent (up to
80%) and in increasing the mixing phenomena (up to 9%), the latter particularly
important to dissipate pollution loading points or contamination transported
by the flood wave. However, the average overbank water depth and velocity
increases substantially as "degree" of meandering intensifies, by up to about 350%
and 500%, respectively .
However, when comparing these results with the hypothetical scenarios to
those obtained using a real terrain model, the highly urbanised neighborhood of
Kampung Melayu in Jakarta, it was noticed some surprisingly different trends.
Contrary to the hypothetical scenarios, the real scenarios show an increase in
the RMS value for concentration by 13% when shifting from rural to urban
conditions. A most plausible explanation for this behaviour is the trapping of
pollution after entering and filling up depressions in the terrain and dead-zones
at higher concentrations during the early stages of the flood.
Although some numerical experiments were run with hypothetical configu-
rations of idealised urban river corridors, the study points at the importance
of studying the response of a future urban re-design the Ciliwung River and
Kampung Melayu, as well as of other areas with similar problems, to riverine
flooding and pollution. The environmental and socio-economic impacts can be
significantly controlled by a proper design of the urban fabric that mitigates
flood and sanitary hazards. Ultimately, the study also points at a change in the
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paradigm of flood and pollution management in urban river corridors, which could
shift from emergency-planning or structural protection to designed landscapes,
which actively contribute to control the undesired effects of floods and pollution
on the affected communities, especially when the latter are already suffering from
disadvantaged living conditions. This is also important in the perspective of
protecting safe drinking groundwater since these communities depend heavily
on privately owned wells. The hydraulic and pollution characteristics of the
Ciliwung River determine the magnitude and quality of the groundwater recharge
fluxes, which this study showed to vary significantly during flooding.
3.2.2.5 Pros and cons of uncoupled simulations This study reveals a
complex interaction between overland flow and the urban tissue of the case study
area. This could be described because 2dMb represents the surface domain in
a 2D frame and is adequate for shock-wave and moving boundary problems,
a feature that is central for flood simulations. Results show that complicated
flow paths inside the urbanized floodplain may significantly affect the overland
distribution of contaminants during a flood event, which can oftentimes cause
the temporary trapping of pollution in terrain depressions and other blocking
urban structures.
Similarly to WASP in the previous study, 2dMb only simulates the surface
domain. Thus, interactions with the groundwater cannot be accounted for. In
this particular case, where the objective was to assess the overall impact of
flooding taking into account both flow and water quality hazards, the further risk
of groundwater contamination could not be investigated. However, the frequent
occurrence of these events can eventually lead to groundwater deterioration
in the long term. In this context, more integrated SW-GW simulations could
theoretically enable extending the study to include the effects on the quality of
the groundwater. Such diagnostic and prognostic studies could support the better
management of the water resources in such complex urban areas, ultimately
helping to ensure safe drinking groundwater to a population amply dependent on
pumping wells for drinking water.
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4 Methodological Approach
4.1 Integrated SW-GW flow and transport modelling frame-
work
Following the limitations of the current single-compartment models to adequately
reproduce concurrently flow and transport/quality in dynamic river-aquifer sys-
tems, which were outlined in the previous Chapter 3, a new integrated modelling
framework is proposed and developed in this research. The objective of this
model development is to provide a tool that is more prepared for river-reach
scale problems involving polluted river-aquifer corridors, where one or more of
the following conditions occur:
1. unsteady river flow conditions that may affect water and pollution exchange
dynamics;
2. frequent river flooding which strongly affects the mechanisms of transport
and diffusion of pollution;
3. point or spatially distributed pollution loading sources in both river and
groundwater, which influence the distribution of contaminant concentrations
in the river and consequently the contamination exchange pattern; and
4. river-aquifer interactions occur in both ways (i.e. infiltration and exfiltra-
tion) and reverse directions through time.
4.2 Development, validation and testing of the model
The development, validation and testing of the new integrated SW-GW model
is presented in Part II. The model is designed taking into consideration the
problems with the current single-compartment modelling approaches described in
Chapter 3. First, considerations regarding the generic framework, mathematical
background and model components needed to confer the desired model properties
are discussed in Chapter 5. Subsequently, details about model development are
provided in Chapter 6, which includes deliberations about the model design and
software architecture. In Chapter 7, the performance of each model component
is validated against analytical solutions. Finally, the capabilities and flexibility of
the model to address real problems are explored in Chapter 8 through a number
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of control tests based on the Ciliwung River. These numerical experiments
were design to represent plausible real world situations that involve river-aquifer
pollution interactions.
4.3 Application of the model to real world problems
After the performance of the new integrated model is verified, the model is used
to demonstrate the potential of the coupled modelling framework to investigate
real world water quality problems where the exchange of pollutants across the
SW-GW interface may constitute an component of the water quality dynamics.
The Ciliwung River and its shallow aquifer is an exemplary case in this respect and
is used in this study, namely to investigate the effect of different river hydraulic
and water quality properties of the river in the quality of the shallow aquifer of
Jakarta.
This work is presented in Part III and consists of two independent studies,
each with its own set of research questions and model simulations. In the first
study, Model Application I (Chapter 10), which was formulated based on the 1D
river model application in Section 3.2.1 and in the light of its limitations pointed
out in Subsection 3.2.1.6, the model is combined with field data analysis to bring
new insights into the characteristics of the nitrogen cycle in the river-aquifer
system of Jakarta. In this study, the spatial and temporal characteristics of
inorganic nitrogen is examined and the Ciliwung River is compared to leaking
septic tanks as a source of groundwater nitrogen contamination. It exemplifies a
case where the size of the domain and the morphological characteristics of the
river make it difficult to setup standalone models.
In the second study, Model Application II (Chapter 11), which was formulated
based on the 2D river model application in Section 3.2.2 and in the light also of
its limitations pointed out in Subsection 3.2.2.5, the model is similarly combined
with field data analysis to, in this case, study the effect of regularized river flows
on the quality of the river and shallow aquifer, phenomena which is foreseeable
in the future as the construction of a dam to reduce flooding in Central Jakarta
is being considered by the Indonesian authorities. This study highlights the
importance of integrated solutions to the flooding and water quality problems. It
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is also used to discuss the advantages and shortcomings of river-aquifer coupled
models in relation to more standard single-compartment modelling approaches.
In both model applications, the outputs of the coupled modelling framework
are compare to those obtained using standalone models, and, when possible, also
to field observations. The nature of the comparative study between models is
different for the two model applications mainly due to data constrains, which in
the first model application allowed only for a more general discussion between
model outputs, while in the second study allowed for a more thorough comparative











5 Generic Framework and Model Components
5.1 Conceptual aspects and generic framework
To build an integrated framework that provides the necessary model capabilities
to address the problems listed in the previous Chapter, more specifically in
Section 4.1, it is important to identify first the set of model components that
are most appropriate. In this respect, it is convenient to start with examining
the environmental processes that are relevant. Fig. 5.1 illustrates some of the
aspects that characteristise the water cycle and pollution dynamics in urban areas.
The illustration shows that urban river-aquifer coupled systems are involved
in complex natural-urban interactions. While the natural mechanisms of flow and
chemicals exchange is intrinsically complex in these coupled systems due to the
anisotropic, heterogeneous and time dependent character of most environmental
processes, anthropogenic activities can further complicate theses dynamics. Such
activities, which oftentimes lead to problems such as groundwater overexploitation
and contamination of the groundwater through leakage of nutrients from sanitary
infrastructures and agricultural fields, may seriously complicate further the
understanding of the processes, particularly in relation to identifying pollution
sources and pathways.
Having this in mind and as a starting point, in the context of river-reach
scales and river-aquifer systems, the movement of pollutants depends mainly on
the following processes:
1. river hydrodynamics,
2. advection and dispersion processes in the river,
3. groundwater flow and head dynamics,
4. advection and dispersion processes in the groundwater, and
5. infiltration and exfiltration of water and contaminants.
To represent each of theses processes, model components that solve the
corresponding governing equations need to be combined through an integrated
framework. Given the space-time complexity of problems that the new model














































































the aim to maximise the versatility of the tool to address a range of different
contamination problems in various regional contexts, the solvers must run in
parallel through a fully coupled numerical solution.
The level of detail desired for the solutions dictate the set of governing equa-
tions to use. In this respect, capturing the development of contamination plumes
and the distribution of pollution exchange through infiltration/exfiltration both in
space and time requires unsteady formulations with 2-dimensional representation
of surface dynamics and 2/3-dimensional representation of subsurface dynamics.
This points at the sets of problem governing partial differential equations
presented in Fig. 5.2.
(2d) Shallow water wave equations
2d reactive-transport equations for free surface fluids;
1d (vertical) Conductance-based equation extended to transport phenomena;
2/3d groundwater equations for saturated flow; and
2/3d reactive-transport equations for fluids in saturated porous media.
Figure 5.2: Problem governing partial differential equations. Illustration modified from Daniel
and Sharpless (1983)
It should be noted that the shallow water wave equations are derived from
the equations of conservation of mass and conservation of linear momentum (i.e.
Navier-Stokes equations). Similarly, the reactive-transport equations are based
on the advection-dispersion-reaction equations. The conductance-based model is
used to represent the exhange fluxes through both saturated and unsaturated
groundwater layers at the surface water-groundwater interface.
The solution for each of these sets of equations is typically provided by specific
codes of the relevant model components. Their integration into an integrated
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tool requires therefore to develop a master code that allows the transfer of
information across these components throughout the simulation. However, to
guarantee flexibility and further developments, it is also important that the
integrated modelling tool is designed keeping separate the functionality of each
model component through dependent interchangeable modules (i.e. modular
programming techniques).
5.2 Single process model components
The state-of-the-art candidate models were selected to enable the integrated model
simulating the broad range of flow and pollution conditions that characterise
the type of problems described in Section 1.2. In the following sections, only
the features that are considered mandatory to make of a single process model a
suitable candidate are highlighted. The reader is referred to Chapter 6, Appendix
B and to the cited literature for more details on each of the models.
5.2.1 Surface water-groundwater flow
The important features required to model the SW-GW interaction are the concur-
rent solution of all the SW and GW flow governing equations and the transferring
of information between models at each time step. These characteristics are
found in the model developed by Shaad (2015). This uses a fully coupled flow
modelling framework that combines 2dMb (2D movable bed model, Fäh, 1997),
for surface flow dynamics, and MODFLOW (Harbaugh, 2005), for groundwater
flow dynamics. This model and the relevant code were developed alongside with
the coupled model framework proposed in this research.
2dMd is a two-dimensional hydrodynamic surface flow model developed by
Fäh (1997). It is a structured grid numerical tool written in Fortran 90 that solves
the hyperbolic shallow water equations to produce spatially distributed solutions
of depth averaged momentum, velocity and water depth. To integrate over space
and time, it uses a shock capturing finite-volume method which is based on
the modified Roe and HLL (Harten-Lax-Van-Leer) schemes (Toro, 2001a). The
ability to address shock waves problems (i.e. Riemann problem, Riemann 1860)
that arise from irregular streambeds or the moving of lateral boundaries, is a
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crucial feature of the model which allows for flood simulations in complex bed
and floodplain topography. The model also allows for varying dry and wet cells
which, likewise, is an important aspect for flood and river-aquifer interaction
simulations.
MODFLOW-2005 is a modular finite-difference model that solves the 2/3d
groundwater equations for saturated flow (Harbaugh, 2005). The code was
developed by the U.S. Geological Survey (USGS) and is written in Fortran 77
and Fortran 90/95. It is widely used and has been continuously improved and
extended over the years with an increasing number of new packages, which offer
the ability to simulate a wide range of hydraulic problems. Although versions of
the model that allow for unsaturated flow exist, such as MODFLOW VSF (Thoms
et al., 2006), they were not used to avoid excessively complex management of the
transport across the SW-GW interface.
5.2.2 Reactive-transport in free surface flow
Most existing surface water quality codes are developed as subroutines or exten-
sions of specific flow models and therefore integrating them into the proposed
coupled framework would require substantial changes in the original codes. To
overcome this problem, a subroutine, which was originally embedded in 2dMb to
simulate the transport of suspended sediments was used. The relevant code was
modified and adapted to allow the simulation of point and distributed loading
of pollution. Similarly to 2dMB, the original code is 2D and allows for wetting
and drying cells throughout the simulation for flood simulations. The modified
subroutine was named as +QeS2, which stands for "Quality evaluation System
2D".
5.2.3 Reactive-transport in saturated flow through porous media
The source code used for this model component was obtained from MT3DMS (see
Table 2.2), a 3D multicomponent transport model for saturated porous media
(Zheng, 1992). The model was successfully applied to a number of contaminant
transport modeling and remediation assessment studies (Wu et al., 2012; Wallis
et al., 2012; Martens et al., 2012; Herold et al., 2011). The code uses flow
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information previously stored in an ASCII file by MODFLOW (thus being
externally coupled to it, see Section 2.3.1). Some important features include:
various numerical schemes that are suitable for different problems - e.g. a
third order Total-Variation-Diminishing scheme, TVD, which is based on the
Universal Limiter for Transient Interpolation Modeling of the Advective Transport
Equations, ULTIMATE, algorithm (Leonard and Niknafs, 1991a,b), special
algorithms to minimise numerical dispersion and artificial oscillations, and a
number of options for reaction-kinetic simulations, which include add-on reaction
packages.
6 Development of the Integrated Modelling Frame-
work
A generic framework that theoretically enables the simulation of flow and transport
in dynamic river-aquifer coupled systems was developed and expounded in the
previous chapter. In this chapter, the new modelling tool is described in detail
regarding its mathematical and numerical background. The subroutines that
were developed and embedded in the main program to allow the simulation of
the pollution loading schemes that characterise urban environments, are also
described. At last but not the least, considerations about the software architecture
are also provided.
6.1 Model design: Mathematical and numerical background
6.1.1 Governing equations
The surface hydrodynamic and transport models (modified versions of 2dMb
and +QeS2) solve respectively the depth-averaged shallow water (Eqs. 7-9) and
transport (Eq. 11) partial differential equations (PFE) in the 2D Euclidean space.





























































where ξ is the water depth [L]; u and v are respectively the velocities in the x and
y directions [LT-1]; Sgw is a source term [LT-1] to account for river-groundwater
exchange fluxes through the conductance based model (see Section 6.1.3), ρ is
the density of water [ML-3]; g is the gravitational acceleration [LT-2]; zb is the
bed surface level relative to a given datum [L] and τ refers to both the turbulent
and bed shear stresses [ML-1T-2].

















while the bed shear stress is computed from a friction model that uses the Chezy’s
formulation fitted to a log profile (Shaad, 2015). Here, the input parameter is
the Nikuradse’s equivalent sand roughness coefficient (Nikuradse, 1950).





















+ S = 0, (11)
where cs is the concentration of a dissolved species in the surface water [ML-3];
E is the horizontal diffusivity [L2T-1]; and S is a source term [ML-2T-1].
The horizontal diffusivity (EH) term accounts for a number of different mixing
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related phenomena:
EH = EturbH + EtsdH + E
sgt
H + Ed, (12)
where EturbH is the turbulent or eddy diffusivity, which is a complex phenomenon
with a multi-fractal facet (Sreenivasan, 1991) dominated by friction forces, EtsdH
is the so-called Taylor-shear dispersion, which arises from the unresolved vertical
variation of the horizontal flow, EsgtH accounts for the sub-grid eddy viscosity and
diffusivity arising from unresolved mixing occurring at sub-grid scale, and Ed is the
background molecular diffusion resulting from the probabilistic Brownian motion
concept occurring at particle scales, which is a relatively small phenomenon in
typical river flow conditions.
In +QeS2, the horizontal diffusivity is approximated to the often dominant
turbulent dispersion based on the eddy viscosity concept:
EturbH = νt/σ, (13)
where σ is the Prandtl-Schmidt number, and νt is the turbulent viscosity, which
depends on shear velocity (u∗) and on a turbulent length scale (lt = 0.07ξ). In
this model this relationship is approximated by the algebraic expression:
νt ≈ ku∗lt, (14)
where k is a user-defined scaling factor to account for sub-grid scale eddies.
Both groundwater models (modified versions of MODFLOW and MT3DMS)
are 3D and solve respectively the groundwater flow (Eq. 15) and transport (Eq.

























where ψ is the potentiometric head [L] defined in relation to the datum used in
the river models, K is the hydraulic conductivity along the x, y and z directions
[L-1]; W is the volumetric flux per unit volume[T-1]; and Ss is the specific storage
of the porous material [-].
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where cg is the concentration of a dissolved species in the groundwater [ML-3], θ
is the porosity of the filter material [-]; vi = qi/θ is the linear pore water velocity
[LT-1]; qs is a volumetric flow rate per unit volume [T-1];
∑
Rn is a chemical
reaction term [ML-3T-1]; and Di is the dispersion coefficient [L2T-1], which is


























for the principal components of the dispersion tensor, and as
Dxy = (αL − αT )vxvy|v| (18a)
Dxz = (αL − αT )vxvz|v| (18b)
Dyz = (αL − αT )vyvz|v| , (18c)
(18d)
for the secondary terms of the dispersion tensor, and where αL,αT and αV are
the dispersivities in the longitudinal, transverse and vertical directions, and D∗
is the effective molecular diffusion coefficient.
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6.1.2 Numerical schemes
Each model approximates the solution using different finite volume techniques.
2dMb is a shock-capturing shallow water equation solver which uses Roe and HLL
schemes (Toro, 2001b) with special arrangements to deal with wetting and drying
cells. This numerical scheme was chosen not only for its ability to satisfactorily
simulate the dam-break wave problem but also for performing well in drying
and wetting conditions, in irregular topographies and in continuously changing
streambed conditions, aspect which is frequent in urban river corridors and often
leads to simulation break down (Faeh, 2007).
The +QeS2 model component, which was developed in this research from
a subroutine originally embedded in 2dMb as part of the sediment transport
module, makes use of the scheme known as "QUICKEST" to integrate the solution.
This method is a flux dependent upgraded form of the spatial differencing scheme
formulated by Leonard (1979) based on a quadratic upstream interpolation
arrangement. It is third-order accurate and according to several comparative
studies (e.g., Gross et al., 1999; Wang and Hutter, 2001) and applications (e.g.,
Wu and Falconer, 2000; Lin and Falconer, 1997) seems to handle well stability
problems occurring under highly unsteady flow conditions such as wiggles and
divergent behaviour arising from the numerical integration of the parabolic
(advective) terms.
The GW model component MODFLOW provides an array of solver packages
which range from simple explicit numerical discretizations to more elaborated
implicit schemes (Harbaugh, 2005). These include the Preconditioned Conjugate-
Gradient Solver (Hill, 1990), the Direct Solver Package (Harbaugh, 1995) and the
Strongly Implicit Procedure Package (McDonald and Harbaugh, 1988). These
packages have all been included by Shaad and Burlando (2014) in the coupled
SW-GW model.
Finally, the numerical schemes available in MT3DMS are fully documented in
Zheng and Wang (1999). Besides providing explicit and implicit schemes for the
Euler based formulation of the transport equation, the model includes special
algorithms to deal with the parabolic terms, such as the third-order TVD method.
A number of other Eulerian-Langrangian methods are also available for particle
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tracking approaches. All these packages were retained in the newly developed
integrated modelling framework.
6.1.3 River-groundwater interactions
The interaction between surface and groundwater flow models is updated through-
out the simulation on the basis of the relative position of the water table with
respect to the river water level, which determines either infiltration or exfiltration.
The quantification of these fluxes is computed using a 1D conductance-
based model (e.g. Erduran et al., 2005; Wilson and Akande, 1995), which was
implemented by Shaad (2015). In this model the exchange fluxes are proportional
to vertical pressure gradients occurring between river water levels and underlying
aquifer water tables. This implies that fluxes depend on the difference between
the potentiometric head and the river water level in the case of exfiltration (i.e.
ψ ≥ zb) and exclusively on the river water depth in the case of infiltration (i.e.
ψ < zb). Accordingly,
qv =

−kl (ξ + zb − ψ); if ψ ≥ zb
−kl ξ; if ψ < zb
, (19)
where qv is the vertical river-groundwater exchange flux per unit area that is
introduced in either the river model - through the Sgw term in Eq. 7 - or
in the groundwater model - through the W term in Eq. 15 - and k/l is the
conductance-parameter [T-1].
The conductance-parameter (k/l) can be treated in different manners. Two
formulations were adopted by Shaad and Burlando (2014), namely the dominant
clogging layer formulation (Eq. 20a) proposed by Harbaugh (2005) and the
distinct clogging layer scheme proposed by Mehl and Hill (2010) and modified by


















where kc and b are respectively the hydraulic conductivity and thickness of the
conductance layer and B equals half of the groundwater top layer thickness.
Fig. 6.1 shows a schematic representation of the conductance-based model
concept using the dominant clogging layer formulation.
The exchange of tracer through the hyporheic zone does not depend only
on the water fluxes occurring between adjacent river and groundwater (aquifer
top) cells, but also on the concentration distribution in the compartment acting
as source. This is computed, prior to calculating the effect of advection and








= qecz=topt−1 − qist−1, (21b)
where qi and qe are, respectively, the infiltration and exfiltration fluxes obtained
from qv, and c and s are respectively the concentration in the groundwater and
river compartments.
The proposed scheme enables both downward and upward exchange of mass
to occur simultaneously in different regions of the domain and to vary throughout
the simulation.
Figure 6.1: Schematic of the conductance-based model concept (Kollet and Maxwell, 2006,
adapted from )
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6.2 Pollution loading schemes
The original version of MT3DMS has a Sink and Source Mixing Package, which
allows associating pollution schemes to selected MODFLOW packages, such as the
Well Package or the Drain Package. In the case of the newly developed +QeS2, a
number of auxiliary subroutines were included to allow the concomitant simulation
of two different river pollution source types, namely point and distributed.
The point source type includes the instantaneous load scheme to simulate
spill-type loadings, and the continuous load scheme to mimic outlet-type load-
ings. In the latter, a linear-ramp algorithm scheme was included as it can be
conveniently used to approximate almost any loading pattern (e.g. diurnal varia-
tion of discharges in domestic outlets) through successive linear approximations.
The instantaneous (dcsw) and continuous (dcsw/dt) point sources are described
respectively by the following equations:
dcsw =

M/Vcell if t = ti








/Vcell if t1 < t < t2
0 if t1 > t ∨ t > t2,
(22b)
where csw is the concentration of a given tracer in the river, M is the loading
mass, ti is the time instance at which the instantaneous loading is applied, t1
and t2 are the instance between which the mass loading varies, and Vcell is the
volume of water in the cell.
Similar loading algorithms are common across many water quality models
(e.g. Chapra, 2008) in order to approximate real world pollution sources.
The second family of algorithms accounts for spatially distributed input and





where Km is a loading rate, is relatively common and is most suitable to simulate
processes like sediment oxygen demand or reaeration, which are dependent on
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the mobile riverbed characteristics or free-surface area.
The build-up/wash-off loading algorithm was designed to simulate the build-
up and wash-off of pollutants on impervious areas, as they typically occur in urban
areas, when rivers flood them. Pollution due to river flooding is an important
component of FLUXOS since flood waves are known to transport significant
amounts of pollution originating from a number of sources such as roads, sewerage
systems and drains in urban areas (Zoppou, 2001).
The concept of build-up/wash-off was adapted from catchment and urban
storm water models (e.g., Wang et al., 2011; Dotto et al., 2010), which use
empirical relationships to account for these phenomena (e.g. Zoppou, 2001;
Novotny, 1995).
In +QeS2, the build-up function was approximated to a zero-order function,




The wash-off was conversely represented by a function similar to an instanta-
neous point-source-type scheme, which is activated whenever a cell in the domain
turns wet, that is
dcsw =





The proposed modelling framework, which was named FLUXOS, explicitly couples
(see 6.2) two state-of-the art transport models - one for surface water (+QeS2,
Costa et al., 2014a) and one for groundwater (MT3DMS, Zheng and Wang, 1999)
- to an integrated river-aquifer flow model (2dMb+MODFLOW-2005, Shaad and
Burlando, 2014; Shaad, 2015).
As further detailed in the following, all of the single components were modi-
fied to be integrated into FLUXOS as model components/subroutines that are
controlled and internally coupled through a main program. This rules the simul-
taneous solution of flow and transport equations and also computes the exchange
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fluxes of water and tracers, across the continuum of river and groundwater sys-
tems. Fig. 6.2 shows a simplified representation of the modelling framework
architecture and of the simulated processes, whereas Fig. 6.3 shows a simplified
flowchart of the main program that rules the explicit coupling of the single model
components.
Figure 6.2: Simplified representation of the architecture of the coupled modelling framework
(SW: Surface Water; GW: Groundwater)
As mentioned in Section 5.2, the surface hydrodynamic and transport model
components - respectively a modified version of 2dMb (Shaad, 2015; Fäh, 1997)
and +QeS2 (Costa et al., 2014a; Fäh, 1997) - solve the depth-averaged shallow wa-
ter and the transport partial differential equations (PDEs) in the two-dimensional
(2D) Euclidean space. There is no need to specify the location of the streams as
the discretization of the topography is used to capture surface flow and transport
dynamics across the river corridor domain. The two groundwater model compo-
nents - respectively a modified version of MODFLOW and MT3DMS - solve the
groundwater flow and transport PDEs (see 6.1.1 for further details).
While 2dMb and MODFLOW models have been modified, coupled and
validated by Shaad and Burlando (2014), the modification and further coupling
of both +QeS2 and MT3DMS models as subroutines of the new coupled model
are the main objectives of this work.
The time step used in each flow model component is independently calculated
and continuously updated throughout the simulation to obey the Courant condi-
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Figure 6.3: Flowchart of the main program. T denotes the simulation period and dt1 and dt2
are the flow time steps calculated obeying the Courant condition for SW and GW respectively
tion (CFL, Courant et al., 1928). Similarly, the transport components obey the
Péclet condition (Carey and Pardhanani, 1989).
The time steps required by the groundwater models - typically hours or
days - can be as much as ≈ 104 times higher than those in the river models,
which are typically of the order of seconds or tenth of seconds depending on
the grid resolution and flow conditions. These differences are managed through
the sequence in which the main program calls each model component and runs
through inner loops.
6.3.1 Modifying and coupling model components
The standalone original versions of all model components required changes to
make possible their integration into a fully coupled framework. In particular,
time loops have been deactivated and the code recompiled as subroutines of the
main program.
Since the main programs, 2dMb and +QeS2 are written in FORTRAN 90,
but MODFLOW and MT3DMS use FORTRAN 66, the latter were modified to
be recompiled into DLL (Dynamic Link Library), so that they can be shared
across all models without changing their original program languages. This was
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aimed at making easier the update of any model component in the future from
new versions of the original standalone codes.
All functionalities of the original surface and groundwater flow models versions
(e.g. Well package and General-Head boundary package, in MODFLOW), which
were included in the modified versions by Shaad and Burlando (2014), are
supported also by the integrated framework. Similarly, the transport components
(e.g. Dispersion package and Sink & Source Mixing package, in MT3DMS) were
modified in the new model architecture in order to maintain all functionalities of
the original versions .
The Cartesian coordinate system characterising each of the original models
remains unchanged in the coupled framework. Although the convention used to
discretise the physical domain in the standalone versions of 2dMb and +QeS2
differs from that used in both MODFLOW and MT3DMS, both conventions
are maintained in all modified model versions, but are harmonized in the main
program through a set of algebraic operations performed using information about
river to groundwater cell correspondence (panel a, Fig. 6.4). This strategy was
initially adopted in 2dMb+MODFLOW integrated model (Shaad and Burlando,
2014; Shaad, 2015), and is now extended to the transport model components.
To further improve computational efficiency, the already parallelised surface
water and groundwater components are additionally allowed to run at different
grid-size and time step resolutions. In the case of different river and groundwater
grid-sizes (panel b, Fig. 6.4), the information exchanged across the two models is
reconciled by the main program through another set of algebraic operations.
For the exfiltration (E) and infiltration (I) processes such equations are
written, with reference the notation of Fig. 6.4, as:
E(si,j) = E(si+1,1) = E(si,j+1) = ... = E(gk,l)/n (26a)
I(g1,ny) = I(si,j) + I(si+1,1) + I(si,j+1) + I(si+1,j+1) + ... (26b)
where n is the number of SW cells in each GW cell.
When river and aquifer model components run at different time steps, which
is also frequently the case, the main program handles the order and sequence in
which each model component is activated as depicted in Fig. 6.3. But it also
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(a) Discretization conventions (b) Example of corresponding GW and SW cells
Figure 6.4: Panel a: Cell discretization in both the SW and GW model components. Panel b:
Example of corresponding SW and GW cells where I and E represent infiltration and exfiltration
fluxes
integrates results from the models running at smaller time steps, be it flow or
transport related, to transfer their outcomes, when called, to the models running
at larger time steps.
6.3.2 Generating the input files
The information required to run a simulation is stored in a series of formatted
text files (readable ASCII files). The first to be loaded is a master input file which
defines the main general simulation characteristics (e.g. simulation options and
period of simulation), parameterises the conductance based model and the way
surface and groundwater model components exchange information, and provides
the location for the loading of all component-specific input files.
These input files vary in complexity and therefore different approaches can
be used to ease and automate their production.
In the case of 2dMb and +QeS2 model components, the input files are
relatively straightforward to generate manually or using simple ad hoc scripts.
More specifically, 2dMB requires the geometry of the physical domain (i.e. DEM
or DTM) and information about grid discretization, flow conditions, boundary
conditions, initial water depths and other parameters such as the roughness height
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(Chow, 1959) for the friction model and the desired Courant condition threshold.
+QeS2, in turn, requires information regarding the initial solute concentration
distribution and boundary conditions, location and characteristics of pollution
sources, which may be of point, continuous, uniform and wash-off loading type,
and a number of other parameters such as an eddy diffusivity scaling factor to
account for the processes described in Eq. 12, Section 6.1.1.
In the case of MODFLOW and MT3DMS, there is an array of well established
tools to support the generation of the set of input files required. Since the
first version of MODFLOW was released in 1980s, a number of packages was
developed to simulate a wide range of situations (e.g. wells, drains, recharge and
evapotranspiration). The size and number of input files grew proportionally to
a point that the manually typing of the intricate set of commands required to
initiate the model is difficult. To this end, a number of programs are available to
generate those files required to run both MODFLOW and MT3DMS. ModelMuse
(Winston, 2009) and Processing Modflow (Chiang and Kinzelbach, 1998) are
among the most popular due to their appealing and powerful graphical user
interfaces. Besides the long list of package-specific data, MODFLOW requires
a number of core files to specify the discretization of the physical domain, the
boundary conditions (i.e. specific head, specific flux or head-dependent flux) and
the soil properties (e.g. hydraulic conductivity, specific storage and specific yield).
MT3DMS, in turn, requires information on the location and characteristics of the
pollution sources, as well as other parameters to characterise a number of physical
(e.g. advection and dispersion) and chemical and biological (e.g. sorption and
reaction-kinetics) processes.
Table 6.1 summarises the main parameters required to run a basic simulation
with FLUXOS.
6.3.3 Other software aspects
The new software was developed and compiled using Microsoft Visual Studio 2010
(MVS) installed with Intel(R) Visual Fortran Composer XE 2011 and Intel(R)
Fortran Compiler XE 12.0. The simulations were performed both in a 48 (2.50
GHz clock speed) AMD core Abu Dhabi server with 256 GB of RAM and on a
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Table 6.1: Model setup and parameterization for the testing of FLUXOS
Model Parameters or Characteristic Units
component
General domain dimensions (x,y) L2
GW flow aquifer type -
uniform flow field -
grid size (squared) L
no. of vertical layers -
aquifer thickness, Haq L
longitudinal pressure gradient, ∂h/∂x -
transverse pressure gradient, ∂h/∂y -
longitudinal hydr. conduct., Kx L.T−1
transverse hydr. conduct., Ky L.T−1
GW transport porosity, n -
longitudinal dispersivity, αL L
transverse dispersivity, αT L
IC and BC concentrations M.L−3
Pollution loading M.T−1




IC: water depth L
BC: flow, Q L3T−3
SW transport scaling factor for EH , k -
Pollution loading M.T−1
SW-GW interactions hydraulic conductance, kc L.T−1
conductance layer thickness, b L
HP Z400 Workstation equipped with 12 GB of installed RAM and 6 Intel and
Xenon unicore (3.47 GHz clock speed).
The software is computationally intensive owing to its complex structure.
Rearranging parts of the original code allowed achieving satisfactory performances
which made long term simulations feasible. This was achieved by shared memory
and multithreading within OpenMP application programming interface (Dagum
and Menon, 1998).
Finally, Fig. 6.5 shows an example of the Command Prompt environment in
Windows 7 (MS-DOS Prompt) when running a simulation with FLUXOS.
6.3.4 Summary
An integrated river-aquifer model, FLUXOS, was developed from the full coupling
of 4 standalone models, which were modified to allow their integration into
a fully coupled framework. These models, which were integrated as model
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Figure 6.5: Example of a MS-DOS Prompt during a simulation with FLUXOS
components and compiled into a new program, solve numerically respectively the
flow and reactive-transport equations for both the surface (2D) and subsurface
(2/3D) domains. Some of these model components were compiled into DLL
(Dynamic Link Library), so that information can be shared across them and
throughout the simulations while keeping modularity and their original program
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languages. The river-aquifer interaction is computed using the conductance-
based approach, which was extended to include the transport of different types
of contaminants. Additionally, a number of subroutines were developed to enable
the simulation of different point and distributed pollution loading schemes for a
better representation of contamination in urban environments.
The simulations are computationally intensive own to the complex structure
of the model and therefore parts of the code were parallelized using the OpenMP
framework to improve computational efficiency. Moreover, different temporal
and spatial resolutions are also enabled in both surface and subsurface domains
to allow for further optimisation of the simulations.
In the following chapter, the performance of the various model components
within the new integrated modelling framework is tested and validated in a series
of control test cases.
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7 Validation of the Model Performance
In this chapter, the performance of FLUXOS is tested based on a benchmark prob-
lem and using partially derived analytical solutions to the advection-dispersion
process. The tests are focused mainly on the performance of the transport compo-
nents of FLUXOS because the validation of the flow components was previously
investigated and fully documented in Shaad (2015).
7.1 Benchmark problem
Due to the absence of proper experimental datasets suitable to test coupled
models like FLUXOS, one considers, as benchmark against which we compare
the coupled model, the steady state solutions for two separate base-problems,
one relevant to river transport model components, the other relevant to the
groundwater transport components. Fig. 7.1 shows the configuration of the
systems which consists of continuous pollution point sources on 2D uniform flow
fields. These are located sufficiently far apart to allow the plumes to propagate
independently. This allows, in turn, to use analytical solution to validate the
+QeS2 and MT3DMS model components of the coupled model as if they were
independent.
One limitation in this respect is the lack of an analytical solution of the
advection-dispersion equation for systems with infinite domain extent (see Section
7.2). While assuming domains with no physical limits is reasonable in the context
of groundwater, the same does not hold for the case of rivers. We circumvented
the problem by defining appropriate boundary conditions, which represent a good
approximation of the domain definition under which the analytical solution is
valid. To this purpose, the length of the river was assumed to be infinitely long,
to allow advection and dispersion phenomena to develop a transport condition,
which can be compared with the analytical solution, before the plume becomes
significantly affected by the river banks (i.e. finite river width). Such condition
occurs only in the initial phase of the simulation where the propagation of the
plume is still largely unaffected by the river width.













Figure 7.1: Model domain representation in Cartesian coordinates. It includes a free surface
flow region (river) and a groundwater (porous media) slow flow region. Units are in meters
idealized model configurations and analytical solutions.This is due to the lack of
established models that are suitable as benchmark and of analytical solutions
of the coupled flow and transport process problem. The model development
presented in this thesis was indeed motivated by the inability of the existing
modelling tools to capture river-aquifer flow and contaminant exchange through
a physically-based framework that is suitable for such unsteady simulations
of river-aquifer systems that are characteristic of river corridors with irregular
channel morphology (e.g. braided systems, frequently inundated floodplains and
urban rivers). For example, a verification by comparison with HydroGeoSphere
(HGS) would not be meaningful because its surface model components are
fundamentally different from those in FLUXOS, particularly the flow component.
While HGS solves the diffusion-wave approximation of the Saint Venant equation
(neglecting the inertial forces), FLUXOS solves the dynamic-wave which makes
it suitable for simulations involving upstream traveling waves often occurring
during floods. However, despite the limitations of the verification processes,
we consider a critical step to verify that each model component integrated in
FLUXOS performs adequately with regards to numerical dispersion, stability
and convergence.
7.2 Analytical solution
Several analytical solutions exist for the unsteady advection-dispersion PDE,
which can be applied to both river and groundwater systems. They rely on
steady-state and uniform flow conditions and differ mainly for the pollution
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source scheme, the initial and boundary conditions, as well as for the number of
averaged spatial dimensions.
The depth averaged solution for the instantaneous point source problem
has been initially proposed by Bear (1979). However, the 2D solution for the
continuous point source case, which is obtained from the integration of the point

































where c is the concentration of the tracer, V is the velocity in the x-direction,
Q is the fluid injection rate, n is the aquifer porosity, Xc, Yc and Zc are the
coordinates of the point source, Dx and Dy are the dispersion coefficients in the
x and y coordinates, and λ is a linear reaction term, which is set to zero for
conservative tracers.
The solution is applicable to surface waters by setting the porosity (n) equal
to one (1). Additional conditions used for the derivation of this solution were
fluids of constant density and viscosity, advection by uniform flow fields (i.e.
constant velocity and water depth) across domains with no physical borders, and
Neumann (or second-type) boundary condition (BC) and initial conditions (IC)
respectively described as
c,∇c = 0, x = ±∞; y = ±∞ (28a)
ct=0 = 0, −∞ < x <∞;−∞ < y <∞, (28b)
The integral was numerically approximated by means of the recursive adaptive
Simpson quadrature method (Gander and Gautschi, 2000) with an accepted
absolute error of the order of 10−6.
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The solution has a mathematical singularity in the point source region
(Abramowitz and Stegun, 2012) because it takes the form of the exponential
integral when both x−Xc and y − Yc approach zero, hence becoming infinite at
τ = 0. However, according to Wexler (1992) the solution is still valid as long as
(x−Xc)2 is larger than V 2, as it is the case in our simulation domain.
7.3 Model setup and parameterization
Table 7.1 summarizes the main characteristics and parameters used in the valida-
tion of each component of FLUXOS.
Table 7.1: Model setup and parameterization for the testing of FLUXOS
Model Parameters or Characteristic Value Units
component
General domain dimensions (x,y) 360 x 300 m2
GW aquifer type confined -
flow uniform flow field x-direction -
grid size (squared) 10 m
no. of vertical layers 1 -
aquifer thickness (Haq) 10 m
longitudinal pressure gradient (∂h/∂x) 5/360 -
transverse pressure gradient (∂h/∂y) 0 -
longitudinal hydr. conduct. (Kx) 7.2 m.day−1
transverse hydr. conduct. (Ky) Kx · 10−5 m.day−1
GW porosity (n) 0.3 -
transport longitudinal dispersivity (αL) 10 m
transverse dispersivity (αT ) 0.3αL m
IC and BC concentrations 0 mg.m−3
SW grid size 2 m
flow CFL threshold 0.4 m
friction coefficient 0.13 -
channel slope 0.02 -
IC: water depth 2 m
South BC: fixed flow (Q) 50 m3s−3
North BC: weir Bernoulli Eq.
SW scaling factor for EH (k) 70.5 -
transport
SW-GW conductance (kc) 0.0432 m.day−1
interactions conductance layer thickness (b) 0.5 m
The analytical solutions used to test the (transient) transport components
requires steady-state and uniform flow fields and given dispersion coefficients.
However, the definition of boundary conditions and parameters for both the SW
and GW flow components to generate such conditions is not straightforward and
requires some additional considerations.
In the case of the GW flow component, the longitudinal pressure gradient
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(dh/dx) and hydraulic conductivity (Kx) were defined to produce a seepage
velocity (vx) of -1/3 m.s−1, which was estimated using Darcy’s law and directly
used in the analytical solution. The resulting specific storage (Ss) was calculated
as 2.4 m−1 using Ss = Kx dxdt = Kxvx. The transverse pressure gradient (dh/dy)
and conductivity (Ky) were set, respectively, to zero and Kx · 10−5 so that the
flow field is unidirectional and along the longitudinal (x-axis) direction (see Fig.
7.1). The longitudinal and transverse dispersion coefficients used in the analytical
solution were calculated from Dx ≈ αL.vx and Dy = αT .vx, where αL and αT
are the dispersivities along the longitudinal and transverse directions set as 10/3
and ≈ 3/3 m2.day−1, respectively. The reader is referred to Section 6.1.1 for
more details on these formulations and to Appendix B.1 for more details on the
calculation of the dispersion coefficients. The initial groundwater potentiometric
head was set to vary linearly along the x-axis between fixed heads (eastern and
western model boundaries).
In the conductance-based model component, the values proposed in the
literature for parameter kc/b (conductance over conductance layer thickness)
range between 1 and 0.001 m/day (e.g. Shaad and Burlando, 2014; Brunke,
1999). In this test a value of 0.0432 m/day (= 5 · 10−7 m/s) was used, which is
representative of a semi-rural area.
According to Haitjema et al. (2001), to ensure the accurate estimation of flow
fields in aquifers subject to infiltration from surface water bodies, the groundwater
grid cell resolution should not exceed a characteristic length λ [L] defined as:
√
T · c, where T is the aquifer transmissivity - calculated as Kx ·Haq - and c is
a resistance term for the interface layer - defined as b/Kc, where b and Kc are,
respectively, the thickness and vertical conductivity of the interface layer. The
groundwater grid size was fixed to 10m (see Table 7.1) which is smaller than
the value of λ, calculated as 28.87m, and therefore compliant with the required
condition.
Table 7.2 summarizes the initial and boundary conditions and the character-
istics of the pollution sources used. For convenience of the validation procedure,
two different scenarios, "S1" and "S2", were defined to test, respectively, the SW
and GW contaminant transport components and the SW-GW interaction model
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component.
Table 7.2: Characteristics of the initial and boundary conditions and of the pollution sources
used. Scenario "S1" is used to testing the individual performance of either the SW and the GW
transport components, while scenario "S2" is used to validate the SW-GW interaction model
component
Model Scenario
component Parameter S1 S2 Units
GW transport point source location (x,y) 270,150 - m
point source rate 1000 - mg.day−1
SW transport IC concentrations 0 100 mg.m−3
BC concentrations 0 100 mg.m−3
point source location (x,y) 44,230 none m
point source rate 1000 none mg.s−1
Scenario "S1" includes two continuous pollution loading points, one located
in the river and one located in the groundwater, to test the performance of,
respectively, the SW and the GW transport model components. Scenario "S2",
which aims at the testing of the SW-GW interaction model, was forced with only
boundary and initial conditions in accordance with the validation method used
(see Section 7.1).
Finally, although the flow velocity scalar was set the same for both scenarios,
its vector was forced in opposite directions to allow the groundwater plumes to
fully develop inside the model domain. Thus, in the case of scenario "S1", the flow
moves westwards due to the pollution loading point being located in the eastern
part of the domain, whereas in the case of scenario "S2", it moves eastwards
because the pollution source, which is the river, is located in the western part of
the domain (see Fig. 7.1).
7.4 Numerical results: validation and discussion
As mentioned previously, the analytical solutions used to test the transport
components require steady-state and uniform flow conditions over the entire
domain. In order to make sure that these conditions are achieved in the benchmark
problem defined in Section 7.1, one needs first testing whether the model can
reproduce the desired flow field.
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7.4.1 Groundwater transport
Fig. 7.2 shows the steady-state potentiometric heads simulated by the GW flow
component for the scenario "S1". The results show a uniform, steady-state and
unidirectional pressure gradient, which leads to the development, as designed
(see Section 7.3), of a steady-state seepage velocity of 1/3 m.s−1.
Figure 7.2: Potentiometric heads (ψ) simulated by the groundwater flow component
Fig. 7.3 compares the numerical results of the GW transport component
with the corresponding analytical solution at two different time instants. The
model results agree quite well with the analytical solution over the entire domain.
The small discrepancies observed are caused by numerical dispersion and their
magnitude is within the acceptable absolute error qualitatively suggested in the
manual of the standalone version of MT3DMS (Zheng and Wang, 1999).
7.4.2 Surface water transport
Fig. 7.4 shows water level, velocity, shear velocity, turbulent viscosity and
diffusivity distributions after reaching steady-state flow conditions in scenario
"S1". Steady state conditions are well approximated with only minor deviations
which, however, deserve some considerations. As expected, due to the finite size of
the domain, results show that velocities are smaller near the river banks because
of friction. The effect of boundary conditions at the northern and southern
boundaries can also be observed. This causes the eddy diffusivity and eddy
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Figure 7.3: Comparison between analytical and numerical solutions at two different time instants,
6 months and 12 months
viscosity distributions, which affect the dispersive transport of solutes, to be also
non-uniform in these areas.
Steady state conditions are well approximated with only minor deviations
which, however, deserve some considerations. As expected, due to the finite
size of the domain, results show that velocities are smaller near the river banks
because of friction. The effect of boundary conditions at the northern and
southern boundaries can also be observed. This causes the eddy diffusivity and
eddy viscosity distributions, which affect the dispersive transport of solutes, to
be also non-uniform in these areas. However, the domain of the benchmark
problem allows to identify a sufficiently broad region that is unaffected by non-
uniform behaviours and where one can test the performance of the SW transport
component against the analytical solution. Evidence of steady state for the
selected region is provided in Fig. 7.5, where all flow-related variables are
constant in the region, highlighted with shaded cross-lines. Only eddy diffusivity
varies slightly along the flow direction, corresponding, however, to the value used
in the analytical solution to the average, 1.8 m2s−1.
The comparison of the analytical and numerical solution of the transport
component, illustrated in Fig. 7.6, shows that the numerical model captures
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Figure 7.4: Numerical results obtained with the SW flow component for water level (ξ), velocity
in the longitudinal direction (v), shear velocity (u∗), turbulent viscosity (νt) and turbulent
diffusivity (EturbH )
Figure 7.5: Simulation results along the longitudinal transect following the river centreline for
the SW component. The region highlighted in all panels (in grey with speckles) corresponds to
the area suitable for comparison with the analytical solution
83
well the overall concentration distribution predicted by the analytical solution,
both spatially and temporally. The small discrepancies are caused by the above
mentioned variability of the driving flow variables simulated by the SW flow
component and by the plume encountering the river banks in the numerical
solution, effect which is not accounted for in the analytical solution. The absolute
errors in the comparable regions are yet still within an accepted range similar to
that of the groundwater model component.
Figure 7.6: Comparison between analytical and numerical solutions for the surface transport
component
7.4.3 River-groundwater interactions: flow and transport
As pointed out above, there are no analytical solutions for the transport com-
ponent of the conductance-based model. The model verification is thus done
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by comparing the results obtained from FLUXOS for scenario "S2" and those
predicted by MODFLOW and MT3DMS standalone versions when externally
coupled. This test case was indeed conceptualized in a way that it could be
simulated with the standalone models to allow the comparison: steady-state and
uniform with fluxes occurring in one direction only. To this end, it is sufficient
to one combine the River and Stream (RIV) Package in MODFLOW with the
Source Sink Mixing (SSM) Package in MT3DMS (see panel a in Fig. 7.7).
Because the RIV Package in MODFLOW uses the conductance-based model
approach in the form of the dominant clogging layer method as implemented
in FLUXOS, the externally coupled simulation can use the same values of kc, b
and ξ (see Eq. 19) used in FLUXOS (see Table 7.1). Regarding the river water
stage, it was set to 0.8546m which corresponds to the average value estimated for
the entire model domain (see left panel in Fig. 7.4). MT3DMS was externally
linked to MODFLOW using the SSM Package, which requires the definition of
a constant loading rate. This was calculated as ≈ 7.384 mg.day−1 using the
infiltration rates determined by the standalone version of MODFLOW and the
concentration fixed for the river (see simulation "S2" in Table 7.2).
Panel (b) in Fig. 7.7 shows the infiltration fluxes computed by FLUXOS as
compared to those obtained from MODFLOW and MT3DMS standalone versions
for scenario "S2". The simulated infiltration fluxes are similar for both model
approaches. The mismatch across predictions observed near the boundaries is
the effect of the boundary conditions in the surface flow and transport models, a
problem which was already discussed in Section 7.4.2.
7.5 Summary
The performance of the new model was tested and confirmed against analytical
solutions using a benchmark problem. This consisted of a simplified and steady-
state control test, which was designed taking into consideration the conditions
of application of the analytical solutions used to the 2D advection-dispersion
problem. Results show that the predicting capabilities of the different model
components is not affected by the new software structure. Small discrepancies
between analytical and numerical solutions, which are caused mainly by numerical
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(a) Model grid of standalone models
(b) Simulation results
Figure 7.7: Panel a: Setup of MODFLOW and MT3DMS standalone models. Panel b:
Comparison between infiltration fluxes computed with the standalone models and FLUXOS for
model validation
dispersion, were observed to be below the acceptable absolute error suggested in
the manual of the standalone versions.
In the following chapter, the flexibility of the model to address hypothetical
real world situations is tested through a series of numerical experiments.
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8 Model Testing through Numerical Experiments
8.1 Test Case
While the tests illustrated in the previous chapter allowed the verification of the
model against ideal and controlled tests, no experiment exists in the literature,
which can be used to verify the model in real-world like conditions. For this
reason, this chapter deals with numerical experiments that make use of a real-
world test-bed, which is, however, simulated under controlled conditions for both
flow and pollution loads. More specifically, the model is tested for the reach of
the River Ciliwung crossing Bukit Duri (6o13’17”S 106o51’36”E) in Kampung
Melayu, a urban hamlet located in the heart of Jakarta (see Chapter 4 for further
details). This is an interesting test case because of the multifaceted quantity and
quality problems it presents, which can challenge the sensitivity of the model
in relatively extreme environments, where design and management can better
profit from simulation tools such as FLUXOS. To demonstrate its suitability to
address such cases, the model is tested in a series of simulations representative of
real world scenarios that cannot be explicitly simulated by existing uncoupled or
single-compartment state-of-the-art models.
8.2 Model and numerical experiment setup
The modelled region - shown in Fig. 8.1 - is approximately 9 hectares in size
(400× 220 m) and was generated from "TM-Kmpg. Melayu" (see Section 9.4). A
cubic convolution algorithm (Keys, 1981) was used to upscale the data to 2 and
10 meters horizontal resolution DTMs for use, respectively, with the river and
groundwater models.
The detailed setup of each model component, which is summarized in Table
8.1, was kept the same for all the simulated scenarios. The parameters of the
model are specific to the region and were used across all scenarios. However, some
of them are non-site specific average values taken from the literature because
they were not available for this region. A few parameters, finally, were fixed to
different values to characterise each of the considered scenarios.
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Figure 8.1: Digital Terrain Model (DTM) of the investigated site with cross-sections highlighted
for reference with regard to the simulation results. The arrow shows the direction of the flow.
Cross-section S1-S7 are highlighted for later reference
Table 8.1: General description of the model setup
Model component Paramet. and Charac. Value Reference
GW flow shallow aquifer type unconfined (A) (e.g., Hosono et al., 2011)
aquifer thickness 80 m (A) (Kagabu et al., 2010)
flow direction Northwards (A) (Lubis et al., 2008)
long. pressure grad. dh/dx = 0 (A) (Lubis et al., 2008)
trans. pressure grad. dh/dy = 2/3000 (A) (Lubis et al., 2008)
hydraulic conduct. Kx,y = 8.64 m.day−1 (A) (Djaeni et al., 1986)
SW flow friction coefficient 0.13 (B)
k/l model streambed conductance kc=1E-5 m.s−1 (B) (Brunke, 1999)
GW transport porosity 0.3 (B)
long. dispersivity αL = 10 m (B)
trans.. dispersivity αT = 0.1αL (B)
IC and BC 0 mg.l−1 (C)
SW transport IC and BC 3 mg.l−1 (C)
(A) data specific to the test case region
(B) average or plausible value taken from the literature
(C) data fixed to depreciate the scenarios
"IC" and "BC" refer to initial and boundary conditions
8.3 Scenarios and model results
Two main groups of scenarios, i.e. steady-state (SS) and transient (T), were
considered as summarised in Table 8.2. Both scenario groups were chosen to
represent typical occurrences of interaction following uncontrolled and unplanned
urban development along the river corridor which cannot be explicitly modelled
by existing state-of-the-art models because they require the representation of
hydraulic and water quality conditions that vary in space and, in some cases,
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also in time. More specifically, in the steady-state simulations the capabilities of
the model to address two different cases are examined: one where a continuous
pollution point load (e.g. industrial outfall) at a losing-stream (scenario “SS-CL")
affects the groundwater, and one where a groundwater contaminated site (e.g.
near an old petrol station) affects the quality of a nearby gaining-stream (scenario
“SS-CS"). The transient simulations are considered to show how the coupled
model can be used to investigate (1) the impact on groundwater of riverine
flooding in polluted rivers on underlying aquifers (scenario “T-F-CL"), as it is
the case of the Ciliwung in Central Jakarta, and (2) the impact of accidental
spills in the river (scenario “T-IL"), which has been reported in different parts of
the world (e.g. oil or uranium mill tailings spills, Wang et al., 2004) and have
the potential to severely damage the quality of the water resources and endanger
the affected communities.
Table 8.2: Characteristics of the scenarios considered
Simulation ID*Forcing
Location Type Steady-state (SS) Transient (T)SS-CL SS-CS T-F-CL T-IL
River Flow [m3/s] 3 3 20 3
River CL in [g/s] 100 - 100 -
River IL in [Kg] - - - 100
GW CS [Kg/year] - 315 - -
Contamination pathway
Infiltration X X X X
Exfiltration X
Contamination distribution#
Heterogeneous X X X X
Transient X X
* ’SS’ and ’T’ refer to whether the simulation is steady-state or transient and
’CL’, ’IL’ and ’CS’ regards to the type of pollution scheme used, namely referring
to continuous and instantaneous loading point source in the river and
groundwater contamination site
# the aim is to show cases which may produce non-linear flux distribution
patterns that cannot be captured by existing state-of-the-art models
The initial groundwater water depth was set to vary according to the north-
south hydraulic gradient defined in Table 8.1 which was fixed at -5m and -5.14m
for respectively the northern and southern boundaries. In the particular case of
the scenario “SS-CS", which involves exfiltration, the reference datum used to
discuss the simulation results is the mean sea level to allow for more meaningful
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considerations and comparisons with the terrain elevation shown in Fig. 8.1 as
the GW potentiometric heads rise above the terrain level.
The computational performance of FLUXOS depends not only on the size
and spatial resolution of the SW and GW domains but also on the flow and
transport regimes simulated (steady or unsteady). Model tests show also that
the computational time is higher for gaining streams than for losing ones due
to the number of cells involved in infiltration/exfiltration interactions increasing
significantly. The reader is referred to Appendix B.4 for more information about
the computational performance and resources of FLUXOS.
8.3.1 Steady-state scenarios (SS)
8.3.1.1 Loosing-stream with point discharge (SS-CL). Fig. 8.2 shows
the simulation results for the river, interface and groundwater domains along the
longitudinal transect cutting through the river centreline. The simulation was
carried out for four independent cases (i.e. model run separately for each case),
namely one baseline scenario for benchmarking, which does not consider any pol-
lution loading point and is only affected by boundary and initial (contamination)
conditions (BC and IC), denoted as scenario "SS-CL-No-load", and three other
scenarios which, additionally to BC and IC, consider pollution loading points
at S1, S3 and S5 cross-sections, denoted respectively as scenarios "SS-CL-S1",
"SS-CL-S3" and "SS-CL-S5". For convenience, all scenarios are displayed in the
same figure but they were all simulated independently. The "SS-CL-No-load"
scenario is used to differentiate the effect of the pollution points, considered in
the remaining scenarios, from that of boundary and initial conditions.
As expected, the spreading of the plume and the peak concentration in the
river (left-axis, river-panel) depend on the hydrodynamic conditions. In fact, the
concentration at the pollution loading point is the highest for the "SS-CL-S5"
scenario because the water levels (right-axis, river-panel), and subsequently the
dilution capacity, are the lowest. This makes the infiltration of pollutant into the
groundwater highly heterogeneous. The total mass migrating to the underground
water system depends also on the river-groundwater pressure gradient which, in
the case of a loosing-stream, is determined by the river water level. Therefore
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Figure 8.2: Simulation results along the longitudinal transect following the river centreline for
the SS-CL-No-load and three other scenarios, SS-CL-S1, SS-CL-S3 and SS-CL-S5. The pollution
loading point is located for the three scenarios respectively at S1, S3 and S5. The solid (red)
line refers to the hydraulic variables indicated on the right axes, whereas the shaded areas refer
to the water quality variables indicated on the left axes. The dashed vertical lines correspond
to the location of S1-S7 cross-sections
the location of the pollution loading point in relation to the flow conditions
plays a critical role in assessing the hazard level of aquifer contamination. The
determination of the location of the most hazardous conditions is thus best
addressed using a framework like that of FLUXOS because, contrary to other
models, it considers explicitly the temporal and spatial evolution of the plumes
in both the river and aquifer and allows the simulation to account for exchange
phenomena, which may aggravate (or respectively dampen) the effect of a pollution
load.
It should be noted that the values depicted in Fig. 8.2 refer to simulation
results along the centreline of the river and, therefore, the apparent drop in
concentration, for instance between location S5 and S6 in scenario "SS-CL-S5",
is due to the 2D diffusion and dispersion patterns (Fig. 8.3) that influence the
plume concentration in the river centre trajectory.
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Figure 8.3: Concentration distributions in the river and groundwater for scenario "SS-CL-S5".
Location S5 (pollution load point) and S6 are marked to highlight that between these points
the plume is not transported through the centre of the channel
In all simulations groundwater concentrations appear to be dampened in
comparison with those in the river. This effect is, however, a consequence of the
grid resolution used for the groundwater domain, which was five times coarser
than the river one to improve computational efficiency . In FLUXOS, like in
any other grid-based model, the values computed for each gird cell correspond
to the average value of the represented region. In this case, the river domain is
discretised using 2× 2 meters grid cells to obtain a more detailed distribution of
contaminants in the river, however the grid cells in the groundwater domain are
set 5 times coarser (10 × 10 meters) and therefore represents the average of a
much larger area. As a results, although the computed river-aquifer fluxes are
particularly high at some river cells near the contamination points, its impact
on the underlying groundwater top cells apparently seems somewhat dampened,
but this is due to the value in corresponding GW cell representing the average
over a larger area. In other words, although the computation of both flow and
contaminant exchanges between the SW and GW domains is not grid-dependent,
it is so the resolution of the model outputs for each domain. This suggest
that, despite the unquestionably higher realism of the results obtained from
the joint simulation of flow and transport process in the river and aquifer, the
choice of the domain resolution plays a crucial role with respect to compromising
between computational demand and detailed representation of the investigated
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interaction phenomena. It can be observed also that the head gradient between
the groundwater and river decreased along the centreline of the river longitudinal
transect, x-axis, thus determining less water and pollutant entering the aquifer
systems. Moreover, the hydraulic conditions of the groundwater system itself may
also affect significantly the impact of contamination from the river as dilution
arising from higher groundwater water columns may buffer river to groundwater
contamination fluxes. This effect is visible for all scenarios in Fig. 8.2 from the
inverse relationship between concentration (left-axis, groundwater panel) and
water table (right-axis, groundwater panel).
8.3.1.2 Gaining-stream with aquifer contamination site (SS-CS). The
simulation of the "SS-CS" scenario consists of a continuous contamination load
located at the coordinates (175, 175) of the domain (see Fig. 7.1). The results
are shown in Fig. 8.4.
Figure 8.4: Concentration distribution in the river and groundwater domains resulting for
scenario "SS-CS"
The heterogeneous (2D) effect of polluted groundwater to river exfiltration
shown in Fig. 8.4 is evident both (i) from the river flow, which increases
significantly downstream of the exfiltration point (inferred from the extended
river flow widths when compared to the case in Fig. 8.3) that in this case even
causes flooding in some parts of the domain, and (ii) from the water quality,
with pollutant concentrations in the river increasing when passing through the
groundwater plume.
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Fig. 8.5 shows the simulation results for the river, interface and groundwater
domains along the longitudinal transect cutting through the river centreline and
reveals that groundwater contamination affects the river water quality downstream
S5 (let-axis, river-panel) due to exfiltration (flow and mass) only occurring in
this region (interface-panel). In this particular scenario which involves both
infiltration and exfiltration, the reference datum used for the groundwater table
is the sea level to make easier the comparison with the terrain elevation provided
in Fig. 8.1.
Figure 8.5: Simulation results along the longitudinal transect following the river centreline for
scenario "SS-CS". The solid (red) line refers to the hydraulic variables indicated on the right
axes, whereas the shaded areas refer to the water quality variables indicated on the left axes.
The dashed vertical lines correspond to the location of S1-S7 cross-sections
Conversely, upstream of S5, infiltration is observed, which in this case trans-
lates in the transfer of pollutant from the river to the groundwater. However, no
detectable impact in the groundwater concentration is observed due to the fluxes
being small when compared to those caused by the main plume between S3 and
S6 (groundwater panel, left-axis).
Moreover, the results show that the interaction between river and groundwater
is characterised by complex dynamics and non-linear feedback processes, which
result in highly heterogeneous contaminant distributions due to high variability
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in space of the contaminant paths. Simulating simultaneously flow and transport
in both the river and groundwater, as possible by means of FLUXOS, is therefore
essential to capture and study such phenomena.
8.3.2 Transient scenarios (T)
8.3.2.1 Flooding of a loosing stream with a continuous point dis-
charge (T-F-CL). The scenario "T-F-CL" tests the capability of the model to
simulate hydraulic and water quality conditions that are both transient. There-
fore, contrary to the previous cases where results were shown along the river
path, panel (a) in Fig. 8.6 shows results over time, for the entire duration of the
event, at three locations S1, S3 and S5. Relevant time instants in the simulation
are highlighted: T1 and T2 are the spin-up times of the river flow and transport
models and T3-T4 the period in which flow increases from 3 to 20 m3/s. In panel
b, the simulated river-aquifer fluxes are integrated across the model domain to
allow appreciating and quantifying the total effect of the transient regime.
In panel (a), it can be noted that, despite the gradual increase of infiltration
after T3 (right-axis, interface-panel) - caused by higher river water levels (right-
axis, river-panel) - the river to groundwater mass flux decreases instead (left-
axis, interface-panel), because the concentration of pollutant in the river drops
substantially (left-axis, river-panel) as a consequence of higher flow and dilution.
This highlights, for this particular case, the temporary but dominant and positive
effect of dilution that may reduce the contamination of the groundwater (left-axis,
groundwater-panel), effect which cannot be captured by other models. Compared
to simpler and single-compartment models, FLUXOS allows to simulate complex
transient phenomena in which flow and water quality are highly dynamic in both
the river and aquifer, and may lead to enhanced or dampened system response.
The effect of this transient behaviour is relevant not only at localized scales as it
is illustrated well by panel (b), which shows the total infiltration and mass-flux
throughout the simulation for the entire domain. This plot reveals additionally
that infiltration is approximately 4 times higher after T5 (right-axis) whereas
the corresponding infiltration of pollutant mass is substantially reduced to nearly
half of the initial rates (left-axis). This is the typical case where the complexity
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(a) Simulation results at locations S1, S3 and S5
(b) Simulated river-aquifer fluxes integrated across the domain
Figure 8.6: (a) Transient scenario “T-F-CL" simulation results at the centre of different cross-
sections (S1, S3 and S5) during the flood event. (b) Total infiltration (right y-axis) and mass-flux
(left y-axis) for the entire model domain
of FLUXOS is particularly appropriate as the way the two systems interact is
significantly affected by the heterogeneous and unsteady hydraulic and water
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quality conditions of the river.
8.3.2.2 Instantaneous spill (T-IL). The simulation of scenario "T-IL" con-
sists of the instantaneous release of a given contaminant load in a loosing stream
at the river location S1 and at time T1. The river discharge was set constant at
the upper boundary condition, whereas the transient regime concerns the water
quality through the change of the contaminant concentration and the flow rate
downstream of the upper section due to the loosing character of the stream.
Panel (a) in Fig. 8.7 shows the simulation results for the river, interface and
groundwater domains along the longitudinal transect cutting through the river
centreline for instants T1, T2, T3 and T4, where T1 and T2 are respectively the
time steps immediately before and after the spill, and T3-T4 are the time steps
at equally spaced intervals thereafter. As for the previous scenario, panel (b)
shows the total infiltration and mass-flux rates to analyse the relevance of the
event characterized in "T-IL" across the entire model domain.
From panel (a), one can note that the river to groundwater contamination rate
(left-axis, interface-panel) is, as expected, strongly affected by the distribution over
time of contaminant in the river (T2 to T4 shaded areas, left-axis, river-panel).
The water levels slowly decreasing between S1 and S7 (right-axis, river-panel)
induce a significant decrease of the groundwater contamination rate levels in the
downstream reaches in comparison with those upstream (left-axis, interface-panel).
As a consequence, higher groundwater pollution levels occur in the upstream
part (left-axis, groundwater panel). While intuitive, these results underline how
the FLUXOS model, which can simulate the river-aquifer interaction dynamics
explicitly across space and time, allows to quantify accurately the propagation
dynamics of the polluting load throughout the aquifer in relation to changing
flow conditions. This capability, which is not found in other state-of-the-art
models, can be conveniently used to explore for instance scenarios of management
strategies to mitigate the consequences of accident spills in rivers - phenomena
that are transient and heterogeneous by nature - not only in the river itself, as
typically is the case, but also on the quality of the groundwater.
In panel (b), results show that the total contamination fluxes across the entire
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(a) Simulation results at instants T1, T2, T3 and T4
(b) Simulated river-aquifer fluxes integrated across the domain
Figure 8.7: (a) Simulation results along the longitudinal transect following the river centreline
for scenario “T-IL" at instants T1, T2, T3 and T4. The dashed vertical lines correspond to the
location of S1-S7 cross-sections. (b) Total infiltration (right y-axis) and mass-flux (dashed line,
left y-axis) for the entire model domain
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model domain increase by 15% between T1 and T2 (left-axis), the latter being
the time instant immediately after the release of the contaminant. As the plume
moves with the flow and disperses, the rate of contamination gradually decreases,
being the effect of the spill, however, still observed, in this particular case, more
than 4 hours after the release.
As for the previous case scenario "T-F-CL", these results also demonstrate that
transient river quality conditions may have a temporary impact on the magnitude
of the tracer exchange fluxes between rivers and groundwater, effect which cannot
be simulated by other models. Evidence from past incidents involving accident
spills in rivers (e.g. Santos et al., 2002; Graf, 1990) corroborate these model
outcomes in that the effect on the quality of the groundwater can be significant
at both local (panel a) and larger (panel b) scales, thus highlighting the need for
more complete river-aquifer model frameworks, like that of FLUXOS, to address
these particularly complex situations.
8.4 Summary
The new integrated model was tested in a series of real world-like scenarios.
These were developed to examine the plausibility of results and to show the
added value and the flexibility of a modelling tool that explicitly simulates flow
and transport interaction across river and aquifer, without restrictions, e.g., to
steady state condition or one-directional process propagation. Such restrictions,
which are common to most hydrological catchment-scale hydrological models,
would not allow to properly simulate the phenomena that are typical of complex
river corridors such as those of urban rivers, where unplanned urban development
along the river corridor leads to complex patterns and dynamics of the river
response. These may include alternating losing and gaining streams, flooding
and pollution sources in both the river and groundwater.
Simulation results show that the exchange of flow and mass between the
two systems was highly heterogeneous in all scenarios and varied significantly
over time in the transient cases. The flux distribution patterns were strongly
influenced by the hydraulic and water quality conditions, which caused different
contamination levels along the river and affected both systems. The results also
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show that the model is very sensitive to the difference between the surface and
subsurface spatial grid resolutions. For instance, the effect of river to groundwater
contaminant loading through infiltration can appear to have a small influence in
the groundwater concentrations if the groundwater grid units are significantly
larger than those of the river domain. This effect results from the apparent
dilution of the localised loading of river pollution in the large volume cells used
to discretise the groundwater domain.
Albeit this issue, which requires an adequate discretisation of the surface and
subsurface model domains to capture the desired phenomena, the results presented
in this section show the potential of more integrated modelling frameworks, such
as FLUXOS, to address rather complex urban cases. It demonstrates also how
it can be used to investigate pollution pathways and identify vulnerable areas,








9 The Ciliwung River: Case Study
After having verified FLUXOS (see Chapter 7) and tested it in real world-like
numerical experiments (see Chapter 8), the third part of this study deals with the
investigation of FLUXOS’ capabilities for diagnostic and prognostic purposes in
a complex urban river environment, where data scarcity, rapid and uncontrolled
urban development associated with growing pollution represent a challenge for
model predictions of SW and GW pollution risk.
In this chapter, the Ciliwung river case study and the Jakarta environment,
which were briefly outlined in Section 1.4, are extensively presented to introduce
the FLUXOS’ applications presented in Chapters 10 and 11.
Important cornerstone papers are reviewed in the following Section 9.1 to
provide a more in-depth characterisation of the current hydraulic and water quality
problems of the Ciliwung river-aquifer system. This, together with a preliminary
study presented in subsequent Section 9.2, which provides a first (introductory)
insight on the characteristics of SW-GW interactions, and the studies using the
1D and 2D single-compartment river models previously reported in Sections
3.2.1 and 3.2.2, establishes the necessary background for the formulation and
appropriate set-up of the FLUXOS’ applications. This is carried out through a
number of preparatory steps, which include a discussion about the suitability of
the case study to the scope of the model in Section 9.3, a review and identification
about data needs and availability in Section 9.4 and, finally, general considerations
for the application of the model to the case study region in Section 9.5.
9.1 Jakarta’s regional settings
9.1.1 Demography and infrastructures
Located in West Java, Jakarta is the capital and largest city of Indonesia. The
surrounding urban area, officially referred to as the Jabodetabek area, includes
the cities of Bogor, Depok, Tangerang, South Tangerang and Bekasi. Fig. 9.1
shows a map of the region. Kampung Melayu and Bogor Botanical Gardens are
also located for later reference with regard to FLUXOS’ application presented in
Chapter 11.
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Figure 9.1: Ciliwung River basin and location of the Jabodetabek area. Three major cities are
located along the river: Bogor, Depok and Jakarta. The metropolitan area of Jakarta starts
at Sugutamu and is divided into North (NJ), West (WJ), East (EJ), Central (CJ) and South
(SJ) Jakarta. As a province, the official name of Jakarta is Daerah Khusus Ibukota Jakarta
("Special Capital City District of Jakarta"), which in Indonesian is abbreviated to DKI Jakarta
Since 1960 the region has experienced an unprecedented shift from prime
agricultural land to urban and industrial areas (Firman, 2000; Verburg et al.,
1999). The population rose in Jakarta from 2.7 million to 9 million between 1960
and 2007 (BPS, 2007), and the green space in the central area (CJ, Fig. 9.1),
which was estimated in 1984 as 28.8 % of the total area, was reduced to 6.2% by
2007 (Firman, 2009).
The city is undergoing efforts to expand the public water supply system
to reach the whole population by 2022 (Lanti, 2006). However, since 1996 the
service coverage has instead steadily decreased from 41% to 36% by 1998 and to
31% by 2008 (ADB, 2013). To compensate for the insufficient municipal water
supply service, many communities became heavily dependent on pumping wells
as a source of drinking water (e.g. Vollmer and Grêt-Regamey, 2013). In Jakarta
alone, the estimated rate of groundwater abstraction increased fourteen times in
the past 60 years (Kagabu et al., 2013).
The sewerage network is also very limited with only 3% of the population
being serviced in 2002 (Sukarma and Pollard, 2002). As a consequence most
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households either discharge wastewater directly into the river or use poorly
maintained and leaking septic tanks (IndII, 2014), the number of which has been
estimated above 900,000 in 1994. (Morris et al., 1994).
9.1.2 Water resources, land use and pollution signatures
Jakarta is criss-crossed by thirteen rivers, the Ciliwung River being the largest
and at the same time one of the most polluted in Indonesia. With a length of
approximately 130 km and a catchment area of 390 km2, it originates at the
semi-natural forest of Mount Gede and flows through the urbanised Jabodetabek
region, emptying in the Jakarta Bay. This river represents an important water
source for both the agricultural and domestic sectors (Phanuwan et al., 2006). A
water treatment plant (WTP) treats river flows and supplies fresh water to parts
of Bogor and Depok cities.
The water quality of the Ciliwung River has been classified as very poor
(Palupi et al., 1995), with studies such as Costa et al. (2014b) and Sikder et al.
(2012) showing evidence of high levels of NO−3 and biological oxygen demand
(BOD), increasing concentration of different heavy metals (Kobayashi et al., 2011),
and gross faecal pollution (e.g. Sikder et al., 2013).
The river floods frequently large parts of the town surrounding the river
corridor (Nuswantoro et al., 2014; Budiyono et al., 2014), especially in Central
Jakarta, as a result of a flat terrain and of housing progressively encroaching the
natural flood plain (Texier, 2008).
The main aquifer system in Jakarta is largely composed of marine Pliocene
and Quaternary sedimentary deposits, which are characterised by an average
maximum depth of 350 meters (Lubis et al., 2008). It can be divided into two
main zones: a highly permeable shallow unconfined aquifer with an average
depth of 80 meters and a deep confined aquifer bounded by Miocene sedimentary
rocks of low permeability (Fachri et al., 2003). The uncontrolled exploitation of
the aquifer system has been linked to the formation of a groundwater potential
depression zone in the central area (Kagabu et al., 2013) and to land subsidence
problems (Abidin et al., 2011). The water quality has also deteriorated due to
NO−3 contamination and due to saline intrusion (Chaussard et al., 2013).
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Fig. 9.2 shows the land use map in 2012 (left panel) and the spatial distribution
of concentration for selected substances along the Ciliwung River (right panels)



























































































































































































































































































































































































































































































































































































































































































































The land cover of the middle and upper catchment is mostly characterized
by dry fields and urban areas, so only a limited amount of pollution is likely to
106
originate from agricultural activities (Umezawa et al., 2009). A study conducted
by Mulyani and Sudadi (1999) shows indeed evidences of domestic pollution in
wells that are contaminated by septic tanks likely because of the high permeability
of the soil (mostly sand) in Bogor and Depok.
From the land use map, two main regions with seemingly different signatures
can be identified. The transition point between these two zones is Sugutamu
(location 15, Fig. 10.6) at the outskirts of southern Jakarta. While BOD and
total coliform concentrations remain relatively low before the river enters the city,
they rapidly increase thereafter, pointing at the effect of intense urban pollution.
This transition is characterised by a drop in the observed DO levels and an
increase in BOD concentration, caused mainly by the discharge of untreated
domestic sewage, which indicates the use/depletion of DO by BOD-degrading
bacteria.
Downstream of the city of Bogor (location 7, Fig. 10.6), the total coliform
levels largely exceed all Indonesian water quality standards (Nahattands, 2015),
which limit concentrations to 1·103, 5·103, 1·104 and 1·104 MPN/100ml for
drinking (class I), recreation (class II), fish farming (class III) and irrigation
(class IV) purposes, respectively. BOD concentrations are low before the river
enters the capital city but increase above all regulatory limits set to respectively
2, 3, 6 and 12 mg/l through the Jabodetabek region. DO concentrations, in turn,
steadily decrease between Bogor and Depok (locations 7 and 13, Fig. 10.6) but
still remain considerably high. Upon entering the metropolitan area of Jakarta,
however, most measurements fall below the threshold levels established for classes
I (6 mg/l), II (4 mg/l) and III (3 mg/l).
9.2 Preliminary investigation of SW-GW interactions through
field data collection and analysis
9.2.1 Problem statement, objective and methodology
This study was carried out using some of the data collected during a field campaign
developed in the context of Model Application I. Because it is not directly related
to the specific goals of that study, it is not included there. Yet, it is presented
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in this section, as a preliminary study, because it contributed substantially to
improving understanding about the pollution dynamics/equilibrium of rivers and
groundwater in the region. The study consists of investigating the exchange
of pollution between the two systems by analysing concentration gradients for
different chemical and biological compounds. The ultimate goal is to identify
for which of these compounds the Ciliwung River acts mainly as a source of
groundwater pollution. Some of the field data is compared to other datasets used
in Model Applications I and II for cross-validation and discussion.
9.2.2 Data description and analysis
A short-term field campaign was conducted between the 6th and 17th of May
2013 in Kampung Melayu, Central Jakarta, to support this preliminary study
and that of Model Application I (Section 11.2.1). In this section, only the aspects
that are relevant to the preliminary investigations are described.
Samples were collected at different locations in both the river and the ground-
water. Fig. 9.3 shows the location of the sampling points.
Figure 9.3: Schematic representation of the field campaign setup. "WJ", "CJ", "EJ" and "NJ"
stands for west, central, east and north Jakarta, respectively
The measurements were taken either using YSI R© handheld sampling instru-
ments (Professional Plus model) or sampled for subsequent laboratory analysis.
The water quality was tested for surface water temperature (WT), electric con-
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ductivity (EC), total dissolved solids (TDS), dissolved oxygen (DO), biological
oxygen demand (BOD5), NO−3 -N, ammoniacal-nitrogen (NH3-N), orthophosphate
(PO3−4 ), calcium (Ca), chloride (Cl−), methylene blue active substances (MBAs),
copper (Cu), lead (Pb), chromium (Cr) and faecal and total coliform (FC and
TC). The laboratory methods used are described in Appendix C.2.2.
9.2.3 Results and discussion
9.2.3.1 Concentration variability Fig. 9.4 shows the average concentra-
tions observed in the river (CR) and the shallow aquifer (CA). A schematic view
of the campaign setup is also displayed, as well as a statistical summary of the
relative concentration, i.e. CR/CA. The concentrations in the river (CR) are at
times higher (black bars), lower (white bars) or equal (gray bars) than those in
the shallow aquifer (CA, cross-lined bars). This results in the river acting as,
respectively, a source or buffer of groundwater pollution, or as being in quasi-
equilibrium. Additionally, the Indonesian water quality standards (Indo-WQS)
for each chemical compound are also included. The reader is referred to Appendix
C.2.1 for more information about the water quality regulations used in this study.
Results show that FC and BOD concentrations are higher in the river (black
bars) and temperature, DO, Ca, Cl, NH3 and PO3−4 lower (white bars) when
compared to those in the shallow aquifer. In turn, no significant differences are
observed with respect to electric conductivity and MBAs levels. All samples
tested for NO−3 were below the detection limit of 0.01 mg/l.
In the case of NH3, it was noticed that the concentrations in the river are
significantly below those reported in a government dataset (later used in Model
Application II, Section 10.5.1). The average concentration is 2.34 mgNH3/l
(see Region B in panel c, Fig. 10.6), which is equivalent to 1.93mgNH3-N/l.
This is probably due to the flow conditions during the measurements being
above average, thus increasing dilution. Using this mean value in the estimation
of CR/CA, instead, to concentrations 4 times higher in the river than in the
groundwater, which suggests that the river may be, after all, an important source
of groundwater N-pollution.
This issue cannot be verified for all compounds due to limited amount of
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(a)















Figure 9.4: Panel a: Comparison between the concentration of different chemical compounds in the river (stations R1
and R2) and the shallow aquifer (stations W1, W2 and W3). Panel b: Schematic representation of the field campaign
setup. Panel c: Statistical information about the gradients of concentration between the river and shallow aquifer
campaign data. However, based on the variability of the samples, some con-
siderations can be inferred regarding the plausibility of the results. Fig. 9.5
compares measurements in the river and groundwater for all samples instead of
using average values as in previous figure. Five pairs of river-aquifer data are
defined based on the proximity of the sampling points: R1-W1, R1-W2, R1-W3,
R2-W3 (see panel b, Fig. 9.4).
One can observe that the concentration of some chemical compounds varied
significantly throughout the field campaign (e.g. conductivity, Ca and PO3−4 ).
The points located on the above-left side of the one-to-one line in the graph
correspond to the river-aquifer field data pairs where the concentration in the
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Figure 9.5: Comparison between river and groundwater concentrations. The unit used for each
chemical compound was adjusted to fit all information in the same plot
river are higher. The measurements displayed in this area belong to the following
compounds: BOD, FC, NH3-N, Electrical Conductivity, Cl, PO3+4 and MBAs. In
relation to Fig. 9.4, this figure reports 3 further compounds, Electric Conductivity,
Cl, PO2−4 and MBAs. This means that the river may also act as a source of
groundwater pollution with respect to these compounds.
In the case of MBAs, which is a colorimetric analysis test method to detect
anionic surfactants (e.g. LAS) present in detergents, the average concentrations
are high and similar in both systems. Since LAS’ are highly degradable under
aerobic conditions (t1/2 = 3 hours in river waters for wastewater subject to
primary treatment, HERA, 2013), one concludes that to explain the observed
concentrations, either the loading rate is extremely high or the degradation rate
is very low in this region. The latter is indeed supported by the fact that the
Ciliwung River water is oftentimes anoxic/suboxic all around the year in the
reach flowing through Jakarta (see Fig. 9.2).
9.2.3.2 Water quality standards No regulatory limits have been imposed
for Electric Conductivity, Ca and Cl (see Appendix C.2.1). From Fig. 9.4, panel
a, one observes that DO, BOD and MBAs concentrations are, respectively, within
classes IV, III-IV and V* ranges in both the river and shallow aquifer. This, in the
case of the river, agrees with governmental data (see water quality classifications
in Fig. 10.6, Region B in panel c). With regards to NH3, while the concentrations
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measured in the river are within the class I range - therefore much lower than
those reported by governmental data - those observed in the shallow aquifer are
higher and within class II range. As mentioned above, one possible reason is the
fluctuating dilution following the natural hydrological-hydraulic variability of the
river, which at the time of the sampling was reported as particularly high. In
the case of PO3−4 , river concentrations are below the regulatory limit for class I
but yet within class II range in the shallow aquifer.
9.3 Motivation to use the coupled modelling framework
The preliminary investigations about the relative concentrations between the
Ciliwung river and its shallow aquifer show for the investigated river reach that
the river may constitute an important source of groundwater pollution, mainly for
BOD, FC and NH3 levels. Irawan et al. (2014) also investigated the interaction
between this river and the groundwater system in Jakarta and noted too that
the groundwater chemistry, despite being highly variable in space and complex
at localized scales, is influenced by the river in its vicinity.
The specific condition of the shallow aquifer was investigated by Kagabu et al.
(2010), who showed that the shallow groundwater system is highly polluted by
typical urban contaminants, including nitrate (NO−3 ) and the situation is unlikely
to improve as both the public water supply and wastewater systems are limited
in their extension and poorly maintained (Lanti, 2006), and excessive pumping
has increased the interaction between the shallow groundwater and the deeper
aquifer.
This favours the downward transport of pollution, thus increasing the risk of
mobilization of contaminants and deterioration of the deeper aquifer. Moreover,
because the Ciliwung River is generally losing water through infiltration to
groundwater (i.e. losing stream) as it flows through Jakarta, fluctuations of its
surface water quality are likely to affect riverine groundwater.
Furthermore, the case study region is an extreme case that combines river
and groundwater pollution together with other problems such as flooding, land
subsidence, saline intrusion in the context of rapid and often uncontrolled urban-
isation.
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In addition to pollution related problems, many riverine communities along
the Ciliwung River in Central Jakarta are repeatedly flooded each year during
the wet season. Events of bigger proportions are less frequent but recurrently
inundate large areas of the city and cause significant damage. One of these
events occurred in February 2007 and is estimated to have flooded 60-70% of
the city, caused more than sixty deaths and displaced 450,000 people (Gaillard
et al., 2008). Reducing flooding in Central Jakarta is thus a high priority for
the Indonesian authorities, and mitigation measures, which already started in
some of the most vulnerable areas such as Kampung Melayu, Bukit Duri and
Kampung Pulo, include channelization of the river margins and dredging of the
river bed.
Long term plans to reduce flooding include additionally the construction of a
dam in Ciawi (e.g. Martdianto and Kadri, 2013) in the upper catchment region
and a giant sea wall in the Jakarta Bay (e.g. Sagala et al., 2013). The latter is
expected to reduce the enhancement of tidal flood negative effects, which are
aggravated by subsidence that increases backwater phenomena, by creating large
lagoons that can buffer river outflows. Yet, the problem of pollution and of
its interplay with the flood protection measures remains unfortunately largely
unsolved, undocumented and unlikely to be addressed.
In summary, the Ciliwung River case study exhibits a very high degree of
complexity, which makes it highly suitable for a demonstration of FLUXO’s
capabilities, as it combines:
1. recurrent river flooding (e.g., Farid et al., 2012; Tambunan, 2007);
2. pollution of surface and groundwater due to multiple untreated domestic and
industrial wastewater discharges (e.g., Sinaulan et al., 2013; Gracey et al., 1979);
3. widely spread groundwater contamination caused by septic tanks leakages
(e.g., Kagabu et al., 2010; Onodera et al., 2008) and infiltration of polluted river
flows;
4. general urban pollution, including solid waste, eventually reaching the Ciliwung
River transported by urban runoff and river flooding (e.g., Douglass, 1989; Vollmer
and Grêt-Regamey, 2013); and
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5. alternating river-groundwater flow exchange directions which may arise, among
other reasons, from the lowering of Jakarta’s water table, the effect of which
has resulted in land subsidence and saline intrusion problems (e.g., Oude Essink,
2001; Hay and Mimura, 2005), and from frequent flooding.
Moreover, the few and sparse data available make this case study the ideal
test bed to show both the diagnostic and prognostic use of the new model to
investigate pollution sources and pathways, thus supporting the development of
better informed rehabilitation strategies for urban river corridors.
9.4 Data needs and data availability
Using FLUXOS to simulate the Ciliwung river-aquifer system requires, in principle,
the following information:
1. overland terrain and river bathymetry,
2. river discharge and other hydraulic geometry information (e.g. roughness),
3. river water quality,
4. groundwater soil and hydraulic properties, and
5. groundwater water quality.
In this section, details are provided regarding point 1 only, as the other data
will be discussed in the specific chapters (11 and 10), which illustrate the case
study applications.
Digital Terrain Models (DTMs) with different resolutions and covering dif-
ferent areas were built from different sources, in order to satisfy specific needs
of each FLUXOS application. They were generated from either of the two un-
structured point cloud datasets which were designated as "TM-Kmpg. Melayu"
and "TM-River corridor" and are described below. Their resolution was fixed in
order to obtain a compromise between accuracy and computational efficiency in
relation to each of the two model applications. More details in this respect are
provided in the relevant sections.
Fig. 9.6 shows the area covered in each of the two point cloud datasets.
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Figure 9.6: Area covered by the two point cloud datasets: "TM-Kmpg. Melayu" and "TM-River
corridor"
The first dataset, "TM-Kmpg. Melayu" (Fig. 9.7b), has a resolution of 0.1
meters and covers a region of approximately 1.68 km2 (1.498 x 1.125 km) in
South-East Jakarta, between Kebon Baru and Manggarai barrage. The data
was collected and post-processed by researchers at the Future Cities Laboratory
(FCL), Singapore-ETH Centre (SEC, http://www.fcl.ethz.ch), in collabora-
tion with the Institute of Technology Bandung, Indonesia. The area includes
the neighborhoods of Kampung Melayu and Kampung Pulo, two communities
severely affected by flooding.
The second dataset, "TM-River corridor" (Fig. 9.8), was generated by Shaad
(2015) and consists of IFSAR (Interferometric Synthetic Aperture Radar) topo-
graphic information. It covers the Ciliwung river corridor in the cities of Jakarta
and Depok. The DTM model was produced at 5 meters spatial cell resolution
and covers an area of 118.3 km2, which results in approximately 4.73 million cells























































































The reader is referred to Lin and Girot (2014) and Appendix C.1 for details
on the methodology used for DTM to DSM extrapolation and for merging terrain
and bathymetric data.
9.5 General considerations about model applications
As mentioned in Section 4.2, the new model was applied to the Ciliwung River
in the context of two independent studies. The first study, Model Application
I (Chapter 10), involves steady-state simulations representative of the river
conditions during wet and dry seasons, both in terms of hydraulic and water
quality characteristics. This work focuses on the river corridor between Depok
and Central Jakarta and uses a DTM generated from "TM-River corridor". The
second study, Model Application II (Chapter 11), involves a transient simulation
representative of an average flood event and focuses on the region of Kampung
Melayu, Central Jakarta, an area particularly affected by floods. The DTM used
in the simulations was derived from "TM-Kmpg. Melayu". The reader is referred
to Section 9.4 and Appendix C.1 for more information about the DTMs used in
each model application.
Each study is motivated by a distinct water contamination problem and
involves different considerations about the model setup, parameterisation and cal-
ibration. Yet, there is transfer of knowledge between studies/model applications,
which is highlighted in the appropriate sections
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10 Model Application I: Nitrogen cycle in River-Aquifer
systems in highly urbanised tropical regions ∗
10.1 Problem statement
Nitrate (NO−3 ) is one of the most common pollutants of groundwater in the
world. When combined with other environmental agents at high concentrations
in drinking water, such as aromatic amines and arsine, NO−3 is a cofactor for
excessive levels of methemoglobin in the blood (i.e. methemaglobinemia) of
infants (Fewtrell, 2004) which can lead to coma and death in extreme cases
(Denshaw-Burke et al., 2015).
A number of studies conducted in Southeast Asian cities like Manila, Bangkok
and Jakarta, have pointed at the rising problem of NO−3 contamination in
developing megacities, which is expected to aggravate even more in the future
with the growing population (e.g. Umezawa et al., 2009).
As mentioned in previous chapters (see Chapters 1 and 9), Jakarta is a
particularly challenging case because of the huge gradient of population increase,
the high population dependency on groundwater for drinking water to compensate
for the limited municipal water supply network (ADB, 2013) and its vulnerability
to flooding and pollution. High levels of contamination, which include NO−3 and
are a potential risk to public health, have been observed in both the surface
(e.g. Costa et al., 2014b; Sikder et al., 2012) and groundwater (e.g. Umezawa
et al., 2009) resources. In the latter study, the authors conducted a GIS-based
monitoring campaign in 2009 using isotopes and concluded that although the
concentration of NO−3 and NH+4 (ammonium cation) was still not excessive, it
was likely to increase with the rising of the population.
Moreover, as previously mentioned, the average water table lowered by more
than 20 meters in Central Jakarta since 1985 due to overexploitation of the
aquifer (Kagabu et al., 2010). This has in turn caused the intrusion of saline
waters in the northern coastal areas and to a higher risk of propagating of urban
pollution from the shallow aquifer to deeper groundwater layers.
In such a complex context, effective rehabilitation and preventive measures
∗ This chapter is based on a paper submitted to the Journal of Contaminant Hydrology
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to control the growing problem of NO−3 in groundwater require a comprehensive
understanding of the major contamination sources and pathways, as well as of the
dominant biochemical processes involved in the N-cycle of the aquatic systems
in Jakarta. (Umezawa et al., 2009) estimated that the major direct source of
nutrient pollution is human waste originating from direct discharge into the river
or sewer and septic tank leakages. However, very little is known about the role
that surface waters, which are also highly contaminated and enter the aquifer
via infiltration, have in the total groundwater NO−3 contamination budget. For
instance, Irawan et al. (2014) looked at the interactions between the Ciliwung
River and the shallow aquifer, and concluded that, although complex at localized
scales and highly variable in space, there was a close relationship between water
quality observations in both systems.
Therefore, the Ciliwung river case, is an excellent test bed to show how
FLUXOS can bring new insights into the spatial and seasonal characteristics of
the N-cycle in both the surface and groundwater systems of Jakarta. Based on 3
years of available field observations to setup FLUXOS, the model is especially used
to estimate the contribution of N-pollution infiltration from the Cilliwung River
to the observed rise in NO−3 concentrations in the shallow aquifer. These fluxes
are computed for different development scenarios and compared to estimates
of leaks from poorly maintained septic tanks in the region to benchmark these
two pollution sources. The results from this application show how FLUXOS
can effectively provide information that is important for more targeted and
efficient pollution management in the city, and shows an example of integration
of advanced modelling with sparse and limited measurements to support the
identification of appropriate management solutions.
10.2 N-cycle in aquatic systems and water quality standards
As summarized in Fig. 10.1, inorganic N occurs in natural waters mainly in
the form of NO−3 , NO−2 and NH+4 . These are chemical compounds that may
transform into one another via (i) nitrification by aerobic bacteria (NH+4 to NO−3 ),
(ii) denitrification occurring under anoxic conditions (NO−3 to N2), (iii) N-fixation
by nitrogenases (i.e. enzymes) present in some organisms (N2 to NH+4 ) and (iv)
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ammonification resulting from the decomposition of organic N (N-org to NH+4 ).
Figure 10.1: Simplified representation of the main processes involved in the N-cycle in aquatic
systems
NO−3 can enter the groundwater through a number of pathways (Umezawa
et al., 2009). It can originate from the infiltration of precipitation containing
N-oxides, NO−3 contaminated river waters and industrial spills. It can also arise
from the leaching of nitrous fertilizers, from pipe leaks at gasworks and/or result
from nitrification processes when NH+4 and dissolved oxygen (DO) concentrations
are both high.
Despite not being subject to sorption, NO−3 can, in turn, be lost through
plants and bacteria uptake (thus being transformed into organic forms) or through
denitrification in suboxic or anoxic environments.
Regulatory limits to the presence of nitrate-nitrogen (NO−3 -N) in drinking
water are set to 50 mg-NO−3 -N/l by the World Heath Organization (WHO)
and the European Union (EU) and to 10 mg-N/l (≈ 44.3 mg-NO−3 -N/l) by the
Japanese and the United States federal standards.
No guidelines are issued with regards to the levels of NH+4 in drinking water
and in the environment as concentrations are typically low and do not represent
a tangible risk to human health. Its presence in high concentrations is, however,
possible and often related with other urban and agricultural contaminants such
as pesticides and pathogens (Umezawa et al., 2009).
Ammonia (NH3), also known as free ammonia, is a toxic gas occurring in the
water and is in chemical equilibrium with NH+4 . The direction of the equilibrium
reaction is favored towards NH+4 as pH and temperature increase. NH3 may
partly dissolve in aqueous solution but is generally a minor problem as it is often
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present with low concentrations.
The readers are referred to Appendix C.2.1 for more details on the different
water quality standards (WQS) used in this study.
10.3 Methodology
This model application is based on both the analysis of field data and model
simulations. The former uses data collected by the Indonesian authorities to
characterise the spatial and temporal patterns of the N-cycle in both the surface
and groundwater systems of Jakarta with the purpose of identifying the dominant
biochemical processes and the main pollution pathways. To this end, field
measurements, carried out in the Ciliwung River on a monthly basis over 3 years,
are examined and compared to data obtained from the literature for the shallow
and deep aquifers.
The results from these investigations are then used to setup a river-groundwater
interaction model, which is employed to estimate the amount of river-N potentially
mobilized to the shallow aquifer system along the Ciliwung river corridor under
different development scenarios. Two baseline simulations representative of the
average hydraulic and water quality conditions during the wet (December-March)
and dry (June-October) seasons are considered for benchmark purposes. The
computed infiltration fluxes are compared to estimates of N-leaks from poorly
maintained septic tanks, which are extensively used in the city, to identify the
main source of groundwater N-contamination. The leaks are calculated on the
basis of the average N concentrations observed in septic tanks in Jakarta by
Lawrence et al. (1994), and on the annual total seepage rates calculated by
Montangero and Belevi (2007) for a Southeast Asian city with an urban density
and public water supply coverage similar to those of Jakarta.
10.3.1 Available data
The data used in this study was acquired from the Ministry of the Environment
of Indonesia and consists of monthly concentrations measured in 2005, 2006 and
2013. The samples were collected at different locations along the river corridor
(see Fig. 9.1) and concern not only the most common ionic (reactive) forms of
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Dissolved Inorganic Nitrogen (DIN) in aquatic ecosystems - namely NO−3 , NO−2
and NH3, which are directly involved in the N-cycle -, but also DO and BOD
- the latter because of its strong impact on the concentration of DO that, in
turn, affects nitrification/denitrification rates - and total coliforms (TC) as an
indicator of domestic pollution.
Dissolved Organic Nitrogen (DON), which sums with DIN to give the Total
Dissolved Nitrogen (TDN), is ignored on the basis that it is typically a small
portion of TDN in human-impacted surface waters (Xu et al., 2010), which is
the case of the Ciliwung River.
Therefore, in the context of this study, the estimation of the amount of N
transfered from the river to the shallow aquifer using the river-aquifer interaction
model is carried out using the sum of the measured DIN compounds as a proxy
for TDN.
10.3.2 Simulations
Table 10.1 provides a summary of the different simulation scenarios. S1-w and
S1-d are the baseline scenarios for the current conditions during the wet and
dry seasons. Scenarios S2-w-Q and S2-d-Q were developed to consider the effect
of urban development on the average river discharge due to decreased surface
permeability. S3-w-N and S3-d-N account for an increase in the diffuse loading
of N due to intensified agricultural and domestic activities. S4-w-K and S4-d-K
consider the uncertainty or possible future increase in the vertical conductivity
of the riverbed (e.g. due to dredging activities to remove the excess of deposited
sediments). Finally, S5-w-A and S5-d-A include the combination of all these
effects. In all cases, the effect of wet and dry season conditions was tested
separately.
10.4 Model setup and verification
10.4.1 Model calibration and validation
Regarding the flow model components, the model was calibrated and validated
using data collected at the reach scale. Water level and related discharge data




























































































































































































































































































































































































































































were used to this purpose. The considered reach is that of Kampung Melayu (see
Figure 9.1). The used DTM was generated from the "TM-Kampung Melayu" data
set. It was obtained from the downscaling of the original dataset to a square-grid
mesh with 2 meters resolution using a cubic-convolution algorithm.
Fig. 10.2 shows the location of the water level samples. The upstream
(southern) and downstream (northern) boundaries of the model are denoted as,
respectively, SB and NB. A number of cross-sections, which are relevant with
regards to the hydraulic simulations (i.e. change in the direction of the river
flow), are highlighted to support the discussion of the results.
Figure 10.2: Water level samples collected during the field campaign (P1-P15). S1-S16 are
cross-sections for later reference. SB and NB refer to respectively the southern and northern
boundaries of the model domain
The flow rate during the field campaign was estimated as approximately
10m3/s. The water level data was split into two sets, P1-P9 (3400 m) and
P10-P15 (2200 m) , respectively for calibration and validation purposes. The
model was calibrated manually and the roughness height fixed at 0.035 m for the
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entire river domain (range for natural rivers is 0.0305-0.9144 m, Chow, 1959).
Fig. 10.3 compares observations to model results during calibration.
Figure 10.3: Comparison between simulated and observed water levels along the river: Calibra-
tion
The model reproduces well the spatial dynamics of the water levels distribution
with exception of a mismatch between S1 and S6. In this region, although the
general non-uniform pattern is captured, the model overpredicts the observed
water levels P1-P4, by almost 40%. The error is likely to the inaccuracy of the
DTM for this reach, since no further calibration was possible by changing the
values of the parameters. A close look at the bathymetric information embedded
in the DTM in Fig. 10.4, reveals a series of bottlenecks in the river channel.
The overall spatial dynamics are present in both observations and numerical
predictions. Since FLUXOS was theoretically validated in Chapter 7, it suggests
that some necking-in of the channel is certainly present in reality - as it can, in
fact, be noticed from the aerial views shown in panels b and c of Fig. 10.4. One
possible explanation for the mismatch is that due to the limited cross-section
data available for interpolation of the bathymetry and merging with the terrain
data, the necking-in phenomena was slightly exaggerated or distorted during
the interpolation process. Unfortunately, due to the limited man power and
financial resources available, the density of cross-sections measured could not be
increase during the time of this research to check this hypothesis and eventually
correct/update the DTM.
To assess if the problem concerns only to the region between S1 and S6, and
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(a) Necking-in of the river channel
(b) Detailed view of S4 (c) Detailed view of the region between S5 and
S6
Figure 10.4: Examples of bottlenecks identified in the bathymetric information embedded in the DTM
therefore is a local issue which is unlikely to compromise the overall predicting
capacity of the model, the validation of the model was performed using the
roughness height fixed during calibration. Fig. 10.5 compares observations
P10-P15 to simulation results for validation purposes.
Results show a good agreement between observations and model predictions.
It also shows that the necking-in issue is a local one and does not compromise
the general performance of the model. As a result, the estimated uniform
roughness height was used in all simulations developed in the context of this
model application.
Regarding the river transport components, in this application the model
was forced with steady-state conditions and assuming a conservative chemical,
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Figure 10.5: Comparison between simulated and observed water levels along the river: Validation
which results in constant and uniform concentrations along the river corridor
and throughout the simulation. This means that after reaching steady state
conditions, the model outputs for river concentrations are constant, and therefore
there is no need for special calibration and validation procedures.
10.4.2 Model setup and parameterisation
All simulations are run for average flow and water quality conditions, which
means steady-state solutions. In this section, details are provided regarding the
set up and parameterisation of the different model components to represent the
simulation scenarios defined in Section 10.3.2.
Regarding the surface model components, the DTM used was derived from
"TM-River corridor" (see Section 9.4). It covers an area of 46.64 km2 which
corresponds to the Ciliwing River corridor between Depok and Manggarai barrage
(located at CJ, see Fig. 9.1). The length of the simulated river reach is about
30km. This region includes 80% of the total water-losing stretch of the Ciliwung
River, i.e. where the river recharges the groundwater. The remaining 20%, which
corresponds to the river reach downstream the dam, is not included due to lack
of high resolution terrain and bathymetric data and of information regarding the
operation rules of the dam.
The width of the river varies between 15 and 30 meters, and therefore,
the spatial resolution of the squared-grid cell was set to 5 meters to allow
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for some detail in the simulation results without compromising excessively the
computational performance. This results in a total number of 2 million cells.
Due to long computational times that are required to run FLUXOS at such
high spatial resolution on such a large domain, as well as the absence of proper
hydrograph data that would have allowed to carry out the analysis in unsteady
conditions, the model-based analysis focused on pre-defined scenarios. These
include two baseline steady-state scenarios representative of the wet (S1-w) and
dry (S1-d) seasons and of eight future scenarios that represent a range of possible
urban and agricultural developments in the region. Because most of the Ciliwung
River water reaching Jakarta originates from the upper and middle catchment,
one used flow observations available at Sugutamu, at the outskirts of Jakarta,
to provide a proxy for the river discharge in the model domain region (see Fig.
C.5 in Appendix C.2.3). The average steady-state flow during the wet (Q¯w) and
dry seasons (Q¯d) was thus estimated as respectively 35.42 and 24.03 m3/s. The
average N concentrations in the river during the wet (N¯w) and dry (N¯d) seasons,
were also calculated from available field observations (Fig. 10.6) equal to 1.46
and 3.84 mg/l, respectively.
Regarding the groundwater flow and transport model components, the shallow
aquifer was represented through a 50 m grid with a single vertical layer to improve
the model efficiency. The horizontal hydraulic conductivity of the shallow water
aquifer was set to 5.8·10−4 m/s as representative of an equivalent homogeneous
aquifer with anisotropic hydraulic conductivity (Kagabu et al., 2010), and the
conductance of the Ciliwung River riverbed was set to 1·10−5 m/s, as estimated
by Shaad (2015) through a series of independent numerical simulations.
10.5 Results
10.5.1 Pollution pattern from field data
Fig. 10.6 shows the sparse measurements collected along the river corridor by the
Ministry of Environment of Indonesia. Panel (a) displays the spatial distribution
of concentration for the selected substances along with Indonesian WQS for
different uses (for more details, see Appendix C.2.1). The sampling locations
are shown in panel (b). In the case of NO−3 , the levels observed are significantly
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below all regulatory limits. However, no regulation exists in Indonesia with
regards to the total N load in natural water bodies, and standards for some
other compounds have been issued only for certain water uses. Panel (c) presents










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































10.5.1.1 Spatial variability From the analysis of the available field data,
two regions with distinct water quality dynamics can be identified. A region
denoted with A, between locations 0 and 15 (Fig. 10.6 white background area
in plots of panel (a)) and a region denoted as B, between locations 15 and 22
(Fig. 10.6 gray background area in plots of panel (a)). The transition point,
corresponding to location 15, is Kampung Sugutamu, which is situated in the
outskirts of DKI Jakarta.
The concentration of NH3, TC and N-total remains low throughout region
A but rapidly increase upon entering region B, thus suggesting the presence of
intense urban pollution inside Jakarta where the urbanisation level is high. In
the case of BOD, this effect can be observed already inside region A but the
situation visibly aggravates as downstream locations are considered.
The dynamics of DO and NO−3 is also different in each region. While DO
remains high inside region A, it rapidly decreases inside region B. Contrariwise,
NO−3 gradually increases in region A and drops rather steeply when entering
region B. The drop in DO inside region B, most likely caused by the rise in
BOD levels originating from domestic discharge of untreated wastewater, favours
denitrification over nitrification (see Section 10.2), thus explaining the drop
in NO−3 and rise/retention of NH+4 . Another possible explanation of these
observations could be the dissimilatory NO−3 reduction to NH+4 (DNRA, e.g.
Kox and Jetten, 2015; Umezawa et al., 2009) but not much is know about this
process, specially in plumes. Similarly, the concentration of NO−2 rises as the
river encounters the first major urban area (the city of Bogor, location 7, inside
region A), but since it is an intermediate species in the N-cycle (see Section 10.2),
it remains always relatively low.
10.5.1.2 Seasonal variability BOD, NH3, N-total and TC vary more pro-
nouncedly between seasons than the remaining compounds. The dynamics is,
however, different for the two regions, A and B.
In the case of BOD, while region A shows higher concentrations during the
wet season, region B shows the opposite behaviour - see Fig. 10.6 panel (a) for
BOD values and panel (c) for BOD medians. These results suggest that region
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A is mostly affected by diffuse pollution causing the concentrations to increase
with the river discharge, which is higher during the wet season. Contrariwise,
in region B, which is more urbanized, the loading of pollution depends less on
hydrological conditions as it originates mainly from domestic outfalls. Therefore,
concentrations are higher in low flows during the dry season due to reduced
dilution capacity in the river.
With regards to NH3, the concentrations remain low throughout the year
inside region A most likely due to the high levels of DO, which favour nitrification.
However, when entering region B, concentrations increase significantly. The rise
is much stronger during the dry season - see Fig. 10.6 panel (a) for NH3 values
and panel (c) for NH3 medians - because of the low levels of DO that inhibit
nitrification.
The total N-load shows a very similar behaviour to that of NH3. Concentration
values close to those of NH3 can be indeed observed inside region B during the
dry season. This suggests that the increase in NH3 is not only due to nitrification
inhibition but also due to an increase in N pollution loading inside region B, which
may arise from both nitrogen fixation and mineralization of organiz material.
The latter process is indeed consistent with the high levels of BOD. If that were
not the case, the total N-load would decrease following a drop in NO−3 .
Finally, TC concentrations also remain low inside region A but rapidly increase
in region B, especially during the dry season. In this case the reason is likewise
caused by the limited dilution capacity of the Ciliwung River during the dry
season - see Fig. 10.6 panel (a) for TC values and panel (c) TC medians.
In the particular context of the N-cycle across the two regions, noticeable
seasonal differences in the duality of the nitrification/denitrification process can
also be inferred from the NO−3 and NH3 field data in Fig. 10.6. The overall
observed dynamics of NO−3 and NH3 is qualitatively reconstructed in Fig. 10.7
based on spatial and seasonal trends as detected from the available data, more
specifically using the median of the observations provided in panel (c) of Fig.
10.6.
As shown in Figure 10.7, across region A (upstream of Depok and Jakarta),
NO−3 is high and NH3 is low in both the wet and dry seasons. This suggests that
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Figure 10.7: Seasonality of the nitrification/denitrification dual process in regions A and B
nitrification is dominant throughout the year because of the high levels of DO.
The only observed difference is a small decrease in the NO3 concentrations during
the wet season, which points at the effect of dilution due to higher flow discharges.
Inside region B (cities of Depok and Jakarta), the situation is more variable.
Overall, this region is characterized by a decrease in NO−3 and an increase in
NH3 levels. However, this dynamics is more pronounced during the dry season
and field observations suggest that the river system may become denitrification
dominant towards the river mouth due to the low levels of DO at this time of
the year.
Water quality standards. Panel (c) in Fig. 10.6 shows that the levels
of NO−3 and NO−2 are within Class I range - i.e. suitable for drinking purposes
- throughout the river and, therefore, they presently do not pose yet a risk to
human or aquatic health. The levels of DO and NH3 concentrations are also
within class I range in region A, but the situation deteriorates inside region B
where the cities of Depok and Jakarta are located. Here, the levels of DO during
the dry season drop to Class IV range - i.e. suitable for irrigation only - but, in
the cases of NH+3 and TC, the concentrations increase substantially, turning the
water unsuitable for any use because concentrations exceed all regulator limits.
In terms of BOD, concentrations increase likewise from region A to B, with levels
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inside region B above all regulatory limits, thus making water unsuitable, also in
this respect, for any use.
It seems therefore obvious to conclude that, because the Ciliwung River
recharges the aquifer system in region B, the poor quality of the river in this
region may contaminate the groundwater, particularly the shallow aquifer. In
the particular case of N-contamination, although the river has low levels of NO3,
those of NH3 are high and above all regulatory limits, thus suggesting that the
river to groundwater N-loading may be significant and, therefore, potentially put
at risk the groundwater system. FLUXOS simulations can help understanding
the hazard potential to better inform management strategies
10.5.2 Pollution patterns from numerical simulations of river-aquifer
interactions
The analysis of historical observations was complemented by the numerical
experiments described in Table 10.1 with the purpose of disentangling the role
played by river-aquifer interactions on the sensitivity of the system to hypothetical
changes of the pollution load and on he related risk rise, which could follow a
growing urbanisation, or a change in the hydrologic regime following climate
change or, finally, a modification of water uses.
Fig. 10.8 shows (a) the spatial distribution of water levels for the S1d scenario
(as an example) as simulated by the river hydrodynamic model, (b) the water
levels (y-left axis) and water-infiltration rates (y-right axis) as computed for the
purely hydraulic-controlled scenarios (S1-w, S1-d, S2-w-Q, S2-d-Q, see Table 10.1,
which are used as the baseline hydraulic component for the remaining scenarios)
and (c) the N-infiltration rates for all scenarios.
Results in panels (b) and (c) are shown respectively in terms of daily rate
per unit area (based on the maximum pixel values simulated along the south-
north axis) and in terms of total annual water-volumes/N-mass across the model
domain. One can notice that water depth - panel (a) - and water infiltration
rates - panel (b) - are highly heterogeneous. This is caused by the irregular
morphology of the Ciliwung River (i.e. riverbed and river outline), which can be





Figure 10.8: (a) 3-dimensional view of the simulated river water depths distribution (results elevated from the DTM for better
readability) for the S1d scenario; (b) water levels (y-left axis) and corresponding water-infiltration rates (y-right axis) along the
south-north axis for all purely hydraulic-based scenarios (S1-w, S1-d, S2-w-Q, S2-d-Q, see Table 10.1) and (c) N-infiltration rates
along the south-north axis for all scenarios. Results in panels a and b are shown in terms of daily fluxes per unit area a annual fluxes
across the model domain
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exemplary sections in panels (a1)-(a3). More specifically, the peak infiltration
rate observed around kilometer 9 is caused by a depression in the riverbed,
which, in turn, causes the water depth to rise above 10 meters in this region,
as highlighted in panel (a2). The direct consequence of this is that the shallow
aquifer is more vulnerable to river contamination in this reach of the Ciliwung
River. Although the differences in the simulated water depths and infiltration
rates between the different hydraulic-based scenarios - panel (b) - are small, they
increase, as expected, for those scenarios for which the river discharge increases.
However, in the case of N-infiltration - panel (c) - the situation is more complex as
the distribution of fluxes over space and time depends not only on the hydraulic
conditions, but also on the seasonal variability of river-N concentrations.
One the one hand, the results displayed in the left plot of panel (c) show
that all scenarios based on the dry season baseline scenario (S5-d-A, S4-d-K,
S3-d-N, S2-d-Q) lead to higher contamination rates when compared to the
corresponding ones in the wet season. This confirms the overriding effect of river
N-concentrations over hydraulic controls in determining river to groundwater
N-loading patterns. On the other hand, although the spatial distribution of
N-loading varies significantly between scenarios - right plot of panel (c) in Fig.
10.8 - it is strongly affected by spatial oscillations in water recharge rates - y-left
axis of panel (b) in Fig. 10.8. While this is a direct consequence of the nature
of the experiment, which considers uniform and steady-state N concentrations
in the river, it suggests yet that the spatial distribution of river to groundwater
N-loading largely depends on variations on the water depth.
From the left plot of panel (c) in Fig. 10.8, one can observe also that the
scenarios representing an increase in the diffuse N pollution (S3-w-N and S3-d-N
for respectively the wet and dry seasons) or in the hydraulic conductivity of the
riverbed (S4-w-K and S4-d-K for respectively the wet and dry seasons) show
higher seasonality than the remaining scenarios, except for scenarios S5-w-A and
S5-d-A, which characterise a situation that corresponds to a superposition of
the conditions of all the remaining scenarios, and, therefore, show obviously an
amplified effect.
In this context, the future scenario S5-d-A, representing the case of the
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combined effect of a rise in the average river discharge, diffuse loading of N and
a higher hydraulic conductivity of the riverbed, predicts, as expected, higher
groundwater N-contamination rates - see left plot in panel (c) of Fig. 10.8 -
because it determines the worst case scenario, in terms of both hydraulic regimes
and water quality.
10.6 Comparing coupled and standalone models
10.6.1 Standalone models setup
The setup of the standalone MODFLOW model is generally the same as the one
used in the coupled model version with exception to a few specific parameters
due to lack of data, which will be highlighted. The spatial grid resolution was set
to 50 meters as in the coupled model and the SW-GW interactions are simulated
using the MODFLOW River Package (see Section 7.4.3 for details about this
package).
Average water depth distributions along the river corridor during the wet
and dry seasons were not available to force the standalone model for conditions
similar to those of the coupled model. Alternatively, the MODFLOW standalone
model was setup on the basis of a model developed by Kagabu et al. (2013), one
of the most detailed found in the literature for this region. In their study, the
authors developed a steady-state MODFLOW model for the groundwater system
of Jakarta and accounted for the effect of water recharge from the Ciliwung River
using the River Package (see Section 7.4.3 for details on this package) and by
parameterizing it as summarized in Table 10.2.
Table 10.2: Characteristics used by Kagabu et al. (2013) to model the Ciliwung River using the
RIV Package in MODFLOW
Characteristic Parameterization of standalone MODFLOW: RIV Package
Type Value
River width constant 50 m
River water depth gradually deeper towards the river mouth 1-3 m
Conductance∗∗ not specified explicitly∗ 5.011 m.day−1
∗ Assumed to be equal to the hydraulic conductivity defined for the shallow aquifer:
Kx=5.8× 10−2 cm/s, Kz=Kx/10=5.8× 10−3 cm/s (=5.8× 10−5 m/s = 5.011 m.day−1)
∗ Conductance, which is used to input in MODFLOW, is the hydraulic conductance
(hydraulic conductivity of the streambed) divided by thickness of the conductance layer as
described in 6.1.3.
137
The authors did not specify explicitly the hydraulic conductance used for the
riverbed. Therefore, a reasonable assumption is to set it equal to the hydraulic
conductivity defined for the shallow aquifer, that is 5.8× 10−5 m/s. The river
water depth is set by Kagabu et al. (2013) to vary linearly between 1 and 3 m but
they do not provide a justification for this. The authors also do not justify the
use of a constant river width of 50 meters, value which seems generally excessive
when compared with the reality.
The parameterisation of the standalone models, which is based on Kagabu
et al. (2013), is somewhat different from that of the coupled models. For instance,
the conductivity value, which was defined based on Kagabu et al. (2013), is
almost 6 times higher than that estimated by Shaad (2015) and used in the
coupled model, that is 1× 10−5m/s. This results in that the comparison between
models is, in this specific case, more of a discussion about the diversity of model
outcomes rather than a direct comparison between models.
The outline of the river in the standalone model was defined on the basis of
aerial images of the region and resulted in a total number of 591 cells (Fig. 10.9)
.
Unfortunately, the model developed by Kagabu et al. (2013) focuses on
groundwater flow only and does not include transport/water quality components.
Therefore, the standalone and coupled model results are compared only in terms
of SW-GW water fluxes. For the sake of fairness, it is important to mention that
the main goal of Kagabu et al. (2013) was to develop a regional groundwater
model for Jakarta and not to investigate SW-GW interactions. In their study,
rough estimations for these fluxes are included only to help closing the regional
groundwater mass balance. Therefore, the comparison between standalone and
coupled models described in the following section aims only at discussing the
differences in the SW-GW interaction model predictions when applying FLUXOS
and the standalone model that uses a simplified representation of the surface
hydrodynamics.
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Figure 10.9: Setup of externally coupled MODFLOW standalone models: river outlined manually
10.6.2 Comparing model results
Fig. 10.10 shows the difference between standalone and coupled model predictions
for SW-GW water recharge. Results with the coupled model refers to the
simulation forced with conditions corresponding to the wet season, i.e. S1-W (see
Table 10.1 and panel (b) in Fig. 10.8).
Results show that the standalone model predicts higher infiltration rates
throughout most of the model domain. The linear increase in the fluxes predicted
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Figure 10.10: Difference between standalone and coupled model predictions for SW-GW water
recharge, i.e. area is showed in "red" when predictions with the coupled model exceed those
with the standalone model and in "blue" when the opposite is observed. Results correspond to
fluxes along the longitudinal transect following the river centreline.
by the standalone model, which results from the water depths being set to vary
also linearly between 1 and 3 m, is not observed in the coupled model. The
difference between predictions increases in the direction of the flow and can be
significantly high, i.e. more than 10-15 times.
Table 10.3 compares the average recharge flux rates computed with the
coupled and standalone models. Values are shown in terms of both (i) fluxes per
unit area and (ii) total volumes across the entire model domain.
Table 10.3: Comparison between average recharge rates computed with the coupled and
standalone models
Coupled model
Average recharge Wet Season Dry Season Standalone model Ratio
(Sim 1) (Sim 2) (Sim 3) Sim3/Sim1 Sim3/Sim2
Per unit area 4.434 4.15 10.022 m ·m−2 · day−1 2.26 2.41
Total volumes∗ 337 316 14807.5 dam3 · day−1 43.94 46.86
∗ Across the entire model domain
Results show that the average unitary SW-GW fluxes computed by the
standalone model are 2.26 to 2.41 times higher than those predicted by the
coupled model. In terms of total fluxes, the difference is much larger. Results
suggest that the standalone model predicts values 43.94 to 46.86 times higher.
The reason for such big difference lies on the fundamental way the two models
compute these fluxes, as well as on the difference between the conductivity values
used. The magnitude of the fluxes in the standalone model is extremely dependent
on the number and area of the cells predefined to represent the river, which in
this case was set to 50 × 50 = 2500m2, as well as on magnitude of the water
depth chosen, which was set to be constant across the cross-section and vary
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longitudinally between 1 and 3 meters.
Figure 10.11: Model grid and boundary conditions used in the model developed by Kagabu
et al. (2013)
Results show that the coupled model can, contrary to the standalone model,
be used to effectively capture the spatial patterns of the SW-GW fluxes. However
no field data was available for the specific conditions of these simulations to
evaluate and compare/discuss the performance of the two models, the degree of
variability captured by FLUXOS demonstrates that the representation of the
SW-GW mechanisms in the standalone models is rather simplistic for realistic
predictions. Results show also that it is crucial the use of good terrain, discharge,
water depth and water quality data to maximise the potential of FLUXOS and
improve the accuracy of the model predictions.
10.7 Discussion
10.7.1 Field evidence of urbanisation impact on the N-cycle
As outlined in Section 10.5.1, field observations show a strong impact of urbani-
sation in the quality of the Ciliwung River. The upper and middle catchment
(region A) is mainly characterized by a steady decrease of DO and by a rise of
141
NO−3 concentrations, both likely caused by domestic and agricultural activities.
Yet, upon entering region B, which includes the cities of Jakarta and Depok -
the latter being already an extension of the urban area of Jakarta - a rapid and
pronounced shift in this dynamics takes place. Field evidence points at the effect
of a rise in untreated domestic wastewater discharges, specifically blackwater,
which is visible from the increase of FC and BOD. This causes the depletion
of DO, in turn affecting the natural depurative capacity of aerobic processes.
As a consequence, nitrification rates are reduced and denitrification is favoured,
resulting in a drop of NO−3 and rise of NH3. Similar evidence is presented by
Umezawa et al. (2009) based on groundwater field measurements, particularly in
the shallow aquifer.
This points at possible effects of river-aquifer exchange mechanisms on the
relationship and interdependency between the altered N-cycle dynamics of the
two systems, which is summarised in a qualitative fashion in Fig. 10.12. This
illustrates both the hydraulic and water quality variability along the Ciliwung
River - i.e. the spatial trends as observed from the available data presented in
Section 10.5.1 - and for the shallow and deep aquifers - as reported in Lubis et al.
(2008) and Umezawa et al. (2009). The concentration spatial dynamics in the
river are not to scale to better highlight any possible relationships/interactions
between the different chemical compounds.
Panel (a) suggests the existence of some common trends between the N-cycle
in the river and that in the shallow aquifer, which can be related to the effect
of urbanisation. In region A (upstream Depok and Jakarta), the average levels
of NO−3 are higher than those of NH3 in both the river and the shallow aquifer.
The aquifer exfiltrates into the river in this region, and the groundwater may
constitute an important source NO−3 contamination to the river through baseflow
because NO−3 concentrations are higher in the shallow aquifer. In region B (inside
Depok and Jakarta), there is data evidence that the levels of NH3 are rising in
the shallow aquifer, as well as in the Ciliwung River. In this region, NH3 is most
probably entering the groundwater through leaking septic tanks, through river
water infiltration (the Ciliwung River recharges the aquifer in this region) and
via NO−3 denitrification due to underground suboxic/anoxic conditions. In the
142
Statistical information: min-median/mean-max (no. of samples)
System Region NO−3 [mg/l]† NH3 [mg/l]§ Data source
River A 0.05 - 2.10/2.15 - 6.60 (191) 0.00 - 0.06/0.14 - 1.28 (191) Gov. data (Figure 10.6)
B 0.00 - 1.04/1.10 - 3.30 (42) 0.00 - 2.34/3.73 - 17.80 (32) Gov. data (Figure 10.6)
Shallow aquifer A and B 0.01 - 11.43/14.89 - 47.31 (52) 0.00 - 0.05/0.47 - 9.19 (52) Umezawa et al. (2009)∗
Deep aquifer A and B 0.01 - 0.09/0.29 - 2.59 (19) 0.00 - 0.49/2.67 - 15.09 (19) Umezawa et al. (2009)∗
∗ concentrations are reported in µM (molarity, µmol/l), which are converted to mg/l using the appropriate standard
molecular weight relationships (g/mol)
† regulatory limits for classes I-II and III-IV uses are respectively 44.29 and 88.57 mg/l (see Table C.1 for more details)
§ regulatory limits only exist for class I use, which is set to 0.61 mg/l (see Table C.1 for more details)
Figure 10.12: (a) Illustration of the main hydraulic and water quality processes affecting the N-cycle in both the surface
and subsurface systems in the Jabodetabek area. Recharge and discharge zones are obtained from Lubis et al. (2008). The
values inside brackets are average concentrations for regions A and B in mg/l. (b) Statistical analysis of the NO−3 and NH3
measurements in the different aquatic compartments
deep aquifer, the NH3 levels are higher than those of NO−3 , which suggests low
levels of DO and hindered nitrification rates.
The statistics presented in panel (b) show that in region B (inside Depok
and Jakarta) the levels of NH3 in the Ciliwung River (mean= 2.34 mg/l) are
significantly above the national regulatory limit for drinking purposes (Class I),
which is set to 0.61 mg/l. This suggests that the river, which is a losing stream
in this area, may be a relevant source of groundwater contamination specially
with regards to NH3, and, more in general, with regards to N, particularly for
the shallow aquifer and in the vicinity and along the river corridor.
With respect to NO−3 , the average concentrations observed in both river and
groundwater are still below all water quality standards, most probably because
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of the low levels of DO. However, similarly to the case of NH3, some of the
groundwater samples tested for NO−3 were reported in Umezawa et al. (2009) to
have concentrations within class IV range (only suitable for irrigation), as shown
by the maximum values of NO−3 and NH3 reported in panel (b) of Fig. 10.12.
This suggests the existence of localized pollution that most probably originates
from either the Ciliwung River and/or leaking septic tanks.
The risk of irreversible groundwater contamination due to an increase in the
potential downward transport of contaminants - from the river to the shallow
aquifer and eventually to deeper layers in the groundwater system - is aggra-
vated by the current hydraulic conditions of the groundwater system, which,
as previously mentioned in Section 9.1.2, changed in the past 60 years due to
groundwater overexploitation that caused a generalised lowering of the water
table.
10.7.2 Main sources of N in the shallow aquifer
The mechanisms described in the previous section find a confirmation in the
numerical simulations presented in Section 10.5.2. This suggests that FLUXOS
can be used even in the absence of data necessary to an accurate calibration, to
characterise the dynamics of pollutants across the river-aquifer interface, thus
allowing to model the SW-GW system response to various forcings. In the
specific case of the Ciliwung River, this is, for instance, the response to leaking
septic tanks and surface water pollution as potential sources of groundwater
N-contamination, here in the following.
As previously mentioned, N can enter the groundwater system through a
number of pathways. In the particular case of Jakarta, the widespread use of
poorly maintained septic tanks - 95% of them leak according to Kerstens et al.
(2015) - and the extreme levels of contamination of most surface water bodies (e.g.
Costa et al., 2014b; Sikder et al., 2013, 2012; Kobayashi et al., 2011) suggests that
these two pollution sources are the main causes of groundwater contamination
and probably responsible for the rise in NO−3 and NH3 levels detected in the
shallow aquifer (Umezawa et al., 2009). While the problem of leaking septic
tanks is widely acknowledged in the literature (e.g. Kerstens et al., 2015; Fournier
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et al., 2013), no studies are available in the literature, neither in general, nor in
the specific case of Jakarta, which quantitatively compare the contribution of
the two pollution sources.
To shed some light on this, the relative importance of these sources in terms
of N loading were analysed by combining literature data, for the estimation of
leaks from septic tanks, with the numerical results presented in Section 10.5.2,
for the river to aquifer N-fluxes in the Ciliwung River under present conditions
and different future development scenarios.
For the estimation of leaks from septic tanks (which in this analysis in-
cludes also the contribution from other wastewater disposal areas), the following
literature data was used:
1. The average N-concentration in faecal sludge of septic tanks in Jakarta is
assumed equal to 644 mg-Nl−1 as calculated by Strauss (1995) from mea-
surements of Total Kjeldahl Nitrogen, TKN (data compiled by Montangero
and Belevi, 2007);
2. The total seepage rate originating from both septic tanks (39mm.year−1)
and wastewater disposal areas (58mm.year−1) is considered equal to 97
mm.year−1, following the estimates by Lawrence et al. (1994), as compiled
by Morris et al. (1994) for the Southeast Asian city of Hat Yai in Thailand,
which is characterised by a similar urban density (≈ 13,000 persons/km2)
and public water supply coverage to Jakarta
The resulting leaking rates from septic tanks in Jakarta are thus calculated
as summarized in Table 10.4.
Using these estimates and the results obtained from simulations carried out
by the river-aquifer interaction model, one can compare the N-load from septic
tanks and from the Ciliwung River to the groundwater. Fig. 10.13 uses different
colors to differentiate the results according to the type of fluxes (water or N) and
to the season (wet or dry). In panel (a), results refer to daily recharge fluxes per
unit area, while in panel (b), they correspond to the annual recharge fluxes (water,
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Table 10.4: Estimated water and nitrogen infiltration rates from septic tanks and other wastew-
ater disposal areas
Infiltration rate Water Nitrogen (N)
per unit area 3·10−4 m/m2/day 1.71·10−1 g/m2/day
across the entire model 7.17·104 dam3/year 4.62·104 tonnes/year
domain*
*calculated using the total area of Jakarta as ≈ 739.24 km2
y-left axis, and N, y-right axis) across the entire model domain, thus showing
the total mass/volumes recharged into a large part of the groundwater system of
Jakarta. These two representations allow to evaluate/compare the contribution
of the two pollution sources at local and river corridor scales, respectively. In
panel (b), the annual recharge fluxes from the Ciliwung River are calculated using
the numerical results obtained for the corresponding scenarios and each season;
thus the annual fluxes for scenario S1, for instance, are calculated considering
the results obtained for the wet season, S1-w, and those for the dry season, using
the outputs from the scenario S1-d.
The upper plot of panel (a) shows that water recharge fluxes from the
Ciliwung River are 7-11% higher in the wet season scenarios than in the dry
season. Although the difference is small, this is obviously to be expected because
of the higher flow discharges and water depths during the wet season. Conversely,
the opposite is observed with regards to N - lower plot of panel (a) - being the
simulated loading 140-180% higher in the dry season scenarios. This suggests
that seasonal variations in the concentration of N in the river have a stronger
impact in the magnitude of river to groundwater contamination when compared
to seasonal variations in the hydrologic/hydraulic conditions.
Analysing the recharge fluxes results obtained for different development
scenarios, one can observe that water recharge - upper plot of panel (a) - varies
across the scenarios comparably less than the loading of N - lower plot of panel
(a). More specifically, a maximum variation of about 20% (for water) and 500%
(for N) in the recharge rates is observed across the scenarios. This highlights
once more the importance of tackling the problem of river N contamination in
the future to reduce effectively the risk of groundwater pollution.
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(b)Recharge fluxes across the model domain
Figure 10.13: Comparison of water (in "blue") and N (in "red") recharge flux rates between the
Ciliwung River (bars) and septic tanks (dashed lines with symbol) for different development
scenarios. The values displayed for the septic tanks are obtained from Table 10.4
Comparing the contribution of the Ciliwung River (bars) to that of septic
tanks (dashed line) in panel (a), one can conclude that the river recharges
significantly more water (≈ 16,000-18,000 times as much, upper plot) and N
(≈33-190 times as much, lower plot) per unit area than septic tanks. This suggests
that the Ciliwung River flows can have a stronger local impact on groundwater
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N-concentrations than that estimated from literature values of septic tanks loads
(see Table 10.4). In turn, this means that a polluted river, like the Ciliwung
River, has a higher potential to affect the levels of N-pollution in the vicinity and
along the river corridor - for instance during flooding conditions - depending on
the hydraulic capacity of the aquifer to disperse/dilute the pollution load.
The situation displayed in panel (b) of Fig. 10.13 shows, however, a very
different situation when one considers the recharge volumes at the corridor scale.
As expected, the river contributes, also at this scale, with more water to the
groundwater than septic tanks ("blue" bars vs "blue" dashed line in Fig. 10.13).
The difference is yet surprisingly small, only about 1.7 times more. This, on the
one hand, reveals a diffused and pervasive leakage problem of septic tanks, and,
on the other hand, suggests that septic tanks may alter also the river-aquifer
water balance. In terms of N fluxes, septic tanks are thus the major contributor
at this scale, as evident from a comparison of "red" bars with "red" dashed line in
panel (b). This holds also for the future scenario that determines the worst N-load
from the river (i.e. S5). The N load from the river is only about 0.45-1.55% of
that from septic tank for all scenarios simulated, thus suggesting that at the
corridor (and aquifer) scale, priority must be given to reduce leaks from poorly
maintained septic tanks, in order to effectively contain the general rise of N
pollution in groundwater.
10.8 Summary
The combination/interaction of natural and human-induced processes is affecting
the N-cycle of Jakarta’s natural freshwater systems and data evidence shows
that NH3 and NO−3 are rising in the groundwater. In the case of NO−3 , which is
considered a health hazard to infants - cofactor for Methemoglobin alteration in
the blood -, observations show that concentrations in groundwater are still within
national and international drinking standards. But more effective preventive and
rehabilitation strategies are crucial to contrast the increasing levels of pollution,
thus securing safe drinking water to a population highly dependent on privately
owned pumping wells.
The model application presented in this chapter showed that combining
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(sparse) field observations, literature data and river-aquifer interaction model
simulations allows to characterise the effect of urbanisation on the N-cycle of
the river-aquifer integrated system, to investigate the impact of different future
development scenarios, and to identify the main sources and pathways of N-
pollution in the urban aquifer. It presents also a demonstration of the potential
and flexibility of FLUXOS for prognostic and diagnostic purposes in cases where
the exchange of pollutants across the SW-GW interface is an important component
of the overall dynamics of contamination and can significantly affect the quality
of the water resources.
More specifically, the motivation for the use of FLUXOS in this particular
study came from the field evidence that dissolved inorganic N appears in different
chemical forms in the river and in the shallow aquifer, depending on the location
and season. While in the upper and middle catchment, the levels of NO−3 are
high in both the river and the shallow aquifer, in the lower catchment - the
cities of Depok and Jakarta - they significantly decrease via denitrification. The
rise of NH3 concentrations is likely due to mineralization of the high organic
loads (as seen from the high levels of BOD5) by heterotrophic bacteria (i.e.
ammonification). The concentration of both chemical compounds shows strong
seasonality in the river mainly due to changes in the dilution capacity of the
Ciliwung River - an effect observed mainly in the upper and middle catchment-
and changes in the concentration of DO, which affect nitrification rates - an effect
observed mainly in Depok-Jakarta region.
The Ciliwung River is a losing stream between Depok and Jakarta (i.e.
loses/recharges water/contaminants to the groundwater), and both observations
and numerical simulations suggest that it might be an important source of
groundwater N pollution, mainly in the form of NH3. In this context, the
numerical simulations of the river-aquifer interaction are key to show that the
shallow aquifer is more vulnerable to river pollution during the dry season and
in the four kilometers stretch upstream of Central Jakarta. They also suggest
that the exchange pattern is extremely heterogeneous, both in terms of water
and N, also displaying some seasonality.
The numerical simulations also allowed to conclude that leaks from poorly
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maintained septic tanks contribute more to N groundwater pollution in the large
metropolitan area of Jakarta than the Ciliwung River through aquifer recharge.
The spatially explicit nature of FLUXOS simulations also made clear that at
local scales the contribution of the river overrides that of leaking septic tanks.
This suggests, in turn, that it may significantly affect the levels of groundwater
N-pollution in the vicinity and along the river corridor depending on the hydraulic
capacity of the aquifer to disperse/dilute the pollution load. These results provide
a clear evidence of the urgent need for investments in sanitation infrastructures
to reduce N-leakages and, thus, more effectively control the rise of NO3 and NH3
in the groundwater system of the city.
The results with FLUXOS were also compared to standalone models to discuss
the differences in the model outputs. The results showed that FLUXOS can
capture well the spatial dynamics of SW-GW interactions, which are rather
simplified in the standalone models. It also showed that although the application
of the coupled model presents the challenge that it requires a large amount of
data for model setup and calibration, it provides an more efficient and robust
method to complement observations that are difficult to obtain for long river
corridors, as it is the case presented in this study.
Finally, through the example of the impact of urbanisation on the quality
of the river and groundwater in Jakarta, this study demonstrates the key role
played by advanced river-aquifer model simulations to provide new insights into
complex water quality problems in urban areas. The systematic use of models
like FLUXOS emerges as an important approach towards the design of effective
forward-looking measures to control pollution in large cities, particularly in
those rapidly growing urban environments that are subject to high levels of
contamination and where the identification of sources and pathways of pollution
is not always trivial.
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11 Model Application II: Flooding and Water Qual-
ity ∗
11.1 Problem statement
The Jabodetabek region (see Chapter 9, Fig. 9.1), is an heterogeneous natural-
urban system, in which pollution can be considered a general problem due to
multiple causes that interact with challenging hydrologic and hydraulic conditions.
Contamination starts most likely in the upper catchment from nutrient leaching
from fertilizers and continues in the urbanized middle and lower catchment mainly
through the discharge of untreated domestic and industrial wastewater.
The lack of public water supply systems and the generalised contamination
of surface waters, for instance through dumping domestic waste directly into the
river, have turned the underground water resources into an indispensable source
of drinking water, which, at the same time is at risk of heavy pollution due to
the lack of a proper sewerage.
The region is also characterised by tropical storms, which often occur in the
middle and upper catchment near Bogor and Depok cities (locations 7 and 13,
Fig. 9.2) and cause flooding of the highly urbanized downstream area where DKI
Jakarta is located (Fig. 9.1). This aggravates and alleviates at the same time the
consequences of river contamination. Pollutant emissions originating from point
sources, such as illegal domestic discharges of untreated wastewater, are unlikely
to significantly vary throughout the year. Therefore during the dry season (July
to October), concentrations increase (see middle-right panel in Fig. 9.2) as a
consequence of reduced river flow. Conversely, during the wet season, high flows
typically positively affect the quality of the water by increasing DO levels and
diluting pollution. However, flooding that repeatedly occurs during this time of
the year exposes the affected communities to river contamination and enhances
the risk of groundwater pollution through infiltration, thus exacerbating public
health concerns.
The government is considering the building of a dam in Ciawi, upper catchment
∗ This chapter is based on a paper published in the Journal of Sustainable Cities and Society
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(location 6, Fig. 9.2), to reduce flooding in Central Jakarta, but the problem of
pollution and the consequences that streamflow regulation may have in the river
and aquifer contamination remain without proper assessment and clear solution.
Furthermore, a geological fault located in Depok has been identified to cause
two distinct regions characterized by exfiltration and infiltration in respectively
the southern and northern areas (Irawan et al., 2014), and therefore changes in
the hydraulic conditions and quality of the Ciliwung River water may affect the
groundwater system in Jakarta, especially in riverine areas.
Short-term field campaigns complemented by model simulations were use to
look at the possible adverse effects that a regulated river flow regime imposed
by the construction of the dam could have in the quality of both the river and
the aquifer systems. This approach allowed to examine the influence that the
current river flow regime, characterised by high discharge variability and frequent
flooding in Central Jakarta, has in diluting contamination and recharging river
and groundwater oxygen levels, which are essential for faster natural aerobic
degradation processes. The fluxes computed with FLUXOS are further compared
to results obtained from standalone models to highlight the different simulated
patterns, which are produced by the integrated model as compared to single
component models. Whenever possible, these estimates are also checked against
observations.
11.2 Methodology
To understand the impact that a reduction of high flows through streamflow
regulation can have on the quality of the river and subsurface water, data were first
collected at two different locations and subsequently complemented by FLUXOS
model simulations. In the context of this study, the model was exemplary used
to estimate river to groundwater oxygen recharge, in order to be able to evaluate
the model ability to reproduce the sampled data.
11.2.1 Data collection
The local variability observed in the river concentrations at the river corridor
scale detectable from the governmental data shown in Chapter 9, Fig. 9.2, is
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likely caused by natural fluctuations in the flow regime due to the different times
of water sampling. This points at the important role of streamflow variability
in the propagation and transformation of pollutants throughout the surface and
groundwater systems. With the purpose of gaining more quantitative insights
on the influence of different flow regimes in the quality of the river water and of
acquiring data for the assessment of the model simulations, targeted short-term
monitoring campaigns were carried out at two different locations representative
of two reaches with expected different levels of pollution.
The first experiment targeted the upper catchment and was conducted in
the Bogor Botanical Park (BBG) in Bogor (location 7, Fig. 9.2) between 31st
January and 1st February 2013. This location is characterised by a lower level of
pollution and hydraulic geometry favouring reaeration. The second experiment
targeted the metropolitan area of Jakarta in Kampung Melayu (KM, location
19, Fig. 9.2) and took place between 11th and 17th May 2013. This location
represents a reach with very high level of pollution due to direct sewage discharge
into the river.
Fig. 11.1 shows areal views of the sites and the sampling locations. Images
are shown at various scales to highlight the difference in the level of urbanisation
of each region. Ground level views of the sites are shown in Appendix C.3.1, Fig.
C.6, panels a and b.
YSI R© handheld sampling instruments (Professional Plus model) equipped
with polarographic sensors, four electrode cell sensors and high-precision ther-
mistors were used to measure respectively DO, water temperature and electric
conductivity. Water was sampled at different times through the campaign for
laboratory analysis of BOD and faecal coliforms (FC) based on the APHA (see
Appendix C.2.2, Table C.2) and Most Probable Number (MPN) methods (e.g.
Cochran, 1950).
At the BBG upstream site, the average daily flow increased from 13 to 15
m3/s throughout the two days of monitoring. At the KM downstream site, two
small floods were observed during the 6 days period of the field campaign. See
photographs of the event in Appendix C.3.1, Fig. C.6), panels c-d. The flood
















































































































ground observations. During flood events, water temperature displayed inverse
relation to river discharge. Thus, oscillations in the temperature unrelated to the
flood were removed and the data was used to linearly interpolate the entire flood
hydrograph from a limited number of water level-water temperature paired data.
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11.2.2 Model investigations
As previously mentioned, the model was used to estimate the amount of water
and DO originating from the river that flows into the groundwater during low and
high flows. Since infiltration mainly occurs in the northern part of the catchment
(Irawan et al., 2014), simulations focused on the downstream site, KM, in Central
Jakarta. The topographic and bathymetric data used is shown in Fig. 11.2 and
corresponds to a modified version of the DTM, which was obtained from "TM-
Kmpg. Melayu" (see Section 9.4) by modifying it to maximize the computational
efficiency. The modified terrain model was obtained from the upscaling of the
original model to a 4 meters square-grid resolution and from horizontally clipping
the domain to include only the regions prone to flooding. Vertically, the model is
clipped to set its southern (upstream) and northern (downstream) boundaries
at R1j and R3j locations, which correspond to respectively the Kebon Baru and
Mangarrai neighbourhoods and represent cross-sections where clear hydraulic
boundary conditions can be identified. In addition to the FLUXOS simulations,
MODFLOW and MT3DMS standalone models were also setup and run for
comparison purposes and to highlight the effects of FLUXOS’ higher complexity
of the system representation on the predicted flux and mass exchange.
Figure 11.2: Modified version of the DTM obtained from "TM-Kmpg. Melayu". The site spans
between Kebon Baru and the Manggarai barrage. Cross-sections S1-S16 are used to analyse the
spatial variability of the model results in Section 11.4.2
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11.3 Model setup and verification
Before carrying out the simulations for the different streamflow regime scenarios,
FLUXOS components were set-up, parameters were calibrated and the model
was validated against the collected data. Moreover, the initial conditions for the
variable flow simulations were determined. For both the flow and quality model
components, these were all obtained numerically from forcing the model with the
river discharge and DO concentrations at the beginning of the hydrograph until
steady-state was reached.
11.3.1 Surface flow model component
The model simulations in this study focus on a couple of small flood events
occurred in May 2013. The hydrometric station closest to the case study area is
located at the Manggarai barrage, where the northern boundary of the model
domain is set (R3j, Fig. 11.1). Unfortunately, the water levels recorded at the
dam during the field campaign were above the range of validity of the flow-stage
relationship provided by the Indonesian authorities. A reconstruction of the flood
hydrograph through proxy data was therefore necessary.
To this purpose, water temperature data collected during the event could be
used, as they showed an inverse relationship with river discharge. Oscillations in
the temperature unrelated to the flood were removed and the data was used to
interpolate the entire flood hydrograph from a limited number of water level-water
temperature paired data. The reader is referred to Appendix C.3.2 for more
details about the reconstruction of the flood hydrograph.
Fig. 11.3 shows the estimated flood hydrograph and snapshots of the corre-
sponding inundation maps at different time instants through the simulation.
To validate the model results, photographs taken at different locations during
the monitoring campaign were compared to the simulated inundated maps in
Table 11.1.
Results show that the model is capable of predicting well the inundated areas
and demonstrates that the procedure used to reconstruct the flood hydrograph
has not introduced neither random errors nor biases. It predicts the flooding of




Figure 11.3: Estimated flood hydrograph (panel a) and the corresponding inundation maps
simulated at the start of the simulation (b-left panel), at the peak of the first flood (b-middle
panel) and at the peak of the second (main) flood (b-right panel)
observations for this specific event but also corroborates with reports in numerous













































































































































































































































11.3.2 Surface transport-quality model component
The targeted chemical compound is the dissolved oxygen (DO), which was con-
tinuously monitored during the field campaign and used to force the simulations.
The surface transport-quality model component solves the 2D advection-
dispersion-reaction equation (see Eq. 11), which contains a source term, S, to
account for the effect of reactions or other chemical-related processes in the
concentration of the compound of interest.
The preliminary investigations carried out with WASP standalone model
in Section 3.2.1 showed that in the Ciliwung River, the concentration of DO
depends mainly on reaeration and on the oxidation of organic matter (see Ka
and KBOD in Table 3.1, Section 3.2.1). Therefore, S was replaced by the same
reaction-kinetics expression previously used in that study (see Eq. 4, Section
3.2.1), excluding the term that accounts for the effect of nitrification:









, kBOD is the BOD oxidation rate at 20oC, kNBOD is the
half-saturation constant for DO limitation, θBOD is a coefficient for temperature
correction, T is water temperature, ka is the reaeration coefficient and cDOs is
the dissolved oxygen saturation concentration.
The simulations involve flood conditions that are extremely dynamic over
space and time both from the hydraulic point of view and in terms of water quality.
To use/calibrate this equation-model in such conditions, high resolution data is
necessary for DO but also for all the remaining variables, namely BOD and water
temperature. The parameters in the equation were either estimated directly from
the measured variables or fixed by calibration as described below. With regard to
measured variables, temperature data and barometric pressure were continuously
monitored in situ together with DO, whereas the measurement of BOD was
unfortunately limited to a few sampling points due to the demanding procedure -
sampling of water and a set of field and laborious laboratory processing - that
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each measurement requires.
With this limitation in mind, two models for estimating KDO and calibrating
DO were tested, one based on a simplified 0th order reaction-kinetic formulation
of the type: KDO[MT−1] = constant (Formulation I), and one based on Equation
29 (Formulation II). Formulation I, which was considered and developed after
recognizing that the observed temporal and spatial pattern of DO suggested
a linear decay (at a constant rate), yielded better results and was finally used
in the simulations. The reader is referred to Appendix C.3.4 for details on the
application of Formulation II, which includes an attempt to reconstruction the
dynamics of BOD during the flood event through inverse modelling.
To test the performance of Formulation I, the DO dataset was split in two
subsets for purposes of calibration (11th May 19:00 - 13thMay 06:00) and validation
(13thMay 06:01 - 17thMay 09:00) of the model. In both cases, the model was forced
at R1j using the corresponding observed flow and DO concentration time-series
and the performance tested at R2j and R3j.
A spin up time of 15 hours was necessary during calibration to remove the
effect of the initial conditions. Fig. 11.4 compares the simulation results to
observations for the calibrated model. The calibration was performed manually
and KDO fixed to 4.2593·10−5sec−1 (= 3.68 day−1).
This simple model is able to capture well the temporal and spatial dynamics
of DO observed. A lag between observations and simulation results is, however,
noticeable, e.g. from the delayed simulated concentration peaks at R2j and R3j
with respect to the corresponding observed ones. Investigating into the source
of the problem revealed that it is probably related to an underestimation of the
average flow velocities by the flow model component, which was likely caused by
the issues with the DTM and bathymetry discussed in Section 10.4.1. The average
velocity estimated for the entire simulation is 0.2875 m/s, which seems low when
compared with the reality of this river, especially during a flood. In this context,
the average velocity would have to be about 4 times higher (= 1.15 m/s) than
that estimated by the model to match the observations (Fig. 11.5. This would
entail an increase in the plume propagation speed and therefore an estimated
shift (to the left) of the displayed results at R2j by 2.89 hours and at R3j by
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Figure 11.4: DO concentrations forced at R1j location (upper panel) and comparison between
observed and simulated concentrations at locations R2j (middle panel) and R3j (lower panel)
for calibration purposes
6.52 hours. These estimates were carried out using the corresponding distances
R1j-R2j and R1j-R3j, which are approximately 3 and 6.75 km, respectively.
Figure 11.5: Comparison between observations and post-processed simulation results that show
the effect of the estimated velocity correction
Finally, using the KDO value fixed by calibration, the model was validated
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on a designated subset of the flow and concentration datasets, which was not
used for the calibration step. The concentration and velocity distributions at
the end of the simulation run during calibration were set as initial conditions to
avoid the need for a spin-up time. As for the case of calibration, Fig. 11.6 shows
the DO concentration time-series forced through the upstream boundary (R1j
location, upper panel) and compares observations to model results for the two
remaining cross-sections, R2j (middle panel) and R3j (lower panel). Additionally,
the effect of a velocity correction, as performed in the context of calibration, is
shown for comparative purposes.
Figure 11.6: DO concentrations forced at R1j cross-section (upper panel) and comparison
between observed and simulated concentrations at R2j and R3j for validation purposes (middle
and lower panels, respectively). It also shows the post-processed simulation results that account
for the effect of the estimated velocity correction
Results show that the model can predict well the temporal and spatial
distribution of DO concentrations despite the issue with the simulated flow
velocity field (i.e. particle velocity), as it can be seen in both Figs. 11.4 and 11.6.
It should be noted that the flood simulation is not affected, as demonstrated in
the results in Table 11.1, because the propagation of the flood is subcritical and
therefore depends mainly on the wave velocity and gravitational forces and less
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on the particle velocity.
The settings and boundary conditions described are, therefore, used in
FLUXOS in the context of investigating its enhanced capabilities to model
the space-time pattern of DO fluxes during transient flow conditions as compared
to single component models.
11.4 Results
11.4.1 Field data analysis
Fig. 11.7 compares the measurements collected at the selected sites indicated in
the right panels of Fig. 11.1. The observed variables include DO, as a measure
of the ecological balance of the system, water temperature, as it affects the
DO saturation capacity, electrical conductivity (EC), as a general indicator of
contamination, and BOD and FC, as a proxy-index for domestic pollution.
Electric conductivity is lower in the upstream reach (Bogor Botanical Gardens,
BBG, in the city of Bogor) than in the downstream one (Kampung Melayu, KM,
in Central Jakarta), thus suggesting a lower level of pollution in the upper and
less affected by the huge urban pressure reach. Its value changed, as expected,
when a change of the flow value was observed. More specifically, at the BBG
upstream location, EC was not significantly affected upon the rise of the average
river flow between the first and second day, since the flow variation was relatively
small. Conversely, in the KM downstream reach it more than halved during
the main flood event. This is probably explained by observing the change in
the value of the flow peak, which increased to up to 6 times higher than the
flow value estimated at the beginning of the campaign (see Fig. 11.3). Since,
under appropriate conditions, EC can be used as a proxy for general pollution
(e.g. Pérez et al., 2014), high flows show to have a positive effect, as intuitively
expected due to dilution effects and confirmed by the observed trends in Fig.
11.7. The magnitude of the effect clearly depends on the amplitude and duration
of the flow hydrograph and by the uptake of additional pollutants through the
higher water level associated with the higher flow rate. Under the observed flow
conditions, the impact of the second and larger peak in the KM downstream site
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Bogor Botanical Gardens (BBG) Kampung Melayu (KM)
- upper catchment - - lower catchment -
(moderately urbanized) (densely urbanized)
Schematic view of the experimental setup (n measuring station)
Figure 11.7: Water quality dynamics observed during the field campaigns at upstream Bogor Botanical
Gardens-BBG (left panels) and downstream Kampung Melayu-KM (right panels). In the right panels, the
vertical solid lines mark the time of the first and second (main) flood peaks. Field constrains required to move
the sampling location R1b to R2b on the second day of the campaign at downstream BBG (left panels). This
results in that the thicker solid line refers to location R1b on the first day of the measurements (31st Jan.)
and to location R2b on the second day (1st Feb.)
on the conductivity measurements is stronger, thus suggesting that a remarkable
dilution effect can be obtained through a naturally variable flow regime for all
those reaches where a higher flow does not lead to the uptake of additional
pollutants from the embankments or the floodplain. Mantaining variability of the
river discharge in the design of management strategies of urban river corridor is
likely to lead to a higher self-healing capacity of the river, which is quantitatively
meaningful.
At both sites, an increase in flow rates is followed by a rise in the observed
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DO concentrations, which in the case of the upstream BBG site can be noticed
in Fig. 11.8 (a zoom-in of the DO-left panel of Fig. 11.7) by comparing the two
subsequent days at corresponding hours. Because along the BBG upstream reach
the initial levels were already close to saturation limits, DO exhibits there a small
increase. Conversely, the increase is substantial at the KM downstream location.
In the BBG upstream site, water temperature varies significantly throughout
the day, as opposed to the small oscillations observed at KM in the lower
catchment. Such variation, which was expected as the site is located in the upper
catchment, clearly affects the DO budget by reducing the DO saturation capacity
as water temperature increases throughout the day. Fig. 11.8 provides a closer
look at the diurnal DO oscillations for the BBG upstream site.
Figure 11.8: DO observation and estimated DO saturation concentration for the BBG upstream
site
DO saturation concentrations in the BBG upstream site were calculated
from barometric pressure and temperature measurements, which were similar
at all sampling locations (see temperature-left panel, Fig. 11.7). The rise in
DO concentration in Fig. 11.8, observed in the first sampling day (left panel)
between R2b and R3b, and in the second sampling day (right panel) between
R1b and R3b, is caused by the localised injection of DO triggered by the weirs
(see schematic view of the experimental setup in Fig. 11.7). Conversely, the drop
observed between R3b and R4b on the second day of measurements is likely due
to apparent DO oversaturation, which probably corresponds to a measurement
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artifact, i.e. an overestimation of the real concentrations, due to R3b being close
to a shallow turbulent flow region (see campaign setup in Fig. 11.7, and a picture
of the site in Appendix C.3.1, panel a of Fig. C.6) and therefore measurements
still being affected by air bubbles trapped inside the water. The oscillations of
the incoming BOD and FC concentrations (black bars in BOD-left and FC-left
panels, Fig. 11.7) seem to be buffered by the (flow rate dependent) reaeration
process induced by the changing hydraulic geometry through the presence of the
weirs, since the concentration of the flows leaving the reach at R4b are similar in
both days.
Measurements at the KM downstream site show, in comparison to the BBG
upstream site, a temporary but strong impact on DO concentration (lower-right
panel, Fig. 11.7). DO levels decrease from R1j to R3j likely due to BOD oxidation.
Similarly to the BBG upstream site, diurnal oscillations can also been observed
in downstream KM. These are caused seemingly by temperature variations but
they are probably enhanced by an increase in BOD levels as the day begins and
the pollution load from human activities increases. DO levels rise from nearly
zero to above 3 mg/l at the peak of the main flood. This highlights the role of
the current natural flow regime in restoring DO levels, thus enhancing aerobic
degradation processes and generally improving the quality of the water.
Contrary to DO observations, BOD measurements seem to provide a contra-
dictory picture. BOD levels are indeed higher in the BBG upstream reach - which
was also expected to be the less polluted - than at the KM downstream one, and,
moreover, appear to be well above those reported by the local authorities and
shown in Fig. 9.2. A comparison between the two locations is, however, difficult,
since data refer to two different sampling periods. This notwithstanding, one
can trace back the low BOD concentrations at downstream KM to the higher
dilution caused by the flood induced flow increase. The high values observed at
upstream BBG are, however, more difficult to explain, and could be related to
either the proximity of a discharge outlet upstream the site, or biomass inputs
originating from agriculture activities and forest located in the upper watershed
(between locations 1 and 7, Fig. 9.2).
No clear trend of BOD levels can be inferred from observations collected
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along the KM downstream reach. That is likely due to the relatively homo-
geneous diffused pollution load and to the superposition and compensation of
processes/phenomena such as dilution due to flooding and constant degradation
processes. Conversely, BOD observations collected along the BBG upstream reach
show that the nearly halving of the concentration of BOD between R1b/2b and
R4b is likely linked to the high levels of DO, which promote aerobic degradation
of organic matter, since no significant flow increases due to tributaries exist
between sampling locations. This points at the known natural capacity of rivers
to reduce and/or to buffer organic pollution due to reaeration. Taking advantage
of such capacity could help reducing pollution in downstream reaches, where the
local pollution load is higher, if the restoration of the urban river corridor focuses
on structural measures that favour reaeration rather than a poorly variable flow
regime. Streamflow regulation by means of a dam located in the upper watershed,
as planned to mitigate the flood risk, is likely to have the opposite effect on DO
levels, as further discussed in Section 11.6.
The levels of FC are generally higher in downstream KM, consistently with
intense domestic pollution that characterises Central Jakarta. As shown in Fig.
11.7, while FC concentrations decrease between the R1b/2b and R4b cross-sections
of the BBG upstream reach (FC-left panel) due to natural dying-off processes and
the absence of additional inlets between the sampling locations, they increases
along the KM downstream reach (FC-right panel) from the upstream sampled
cross section, R1j, to the most downstream one, R3j. This can be likely explained
by both the higher number of inlets superimposing the natural decline of FC in
nature, and by the slowing of such decline due to higher water temperatures,
also noticeable in Fig. 11.7 (temperature-right panel). The beneficial effect of a
variable hydraulic geometry - here induced by the presence of a few weirs causing
more turbulent flows - is seen also in the river capacity at the BBG upstream
site to decrease the FC concentration between the most upstream cross sections
(R1b/2b) and the most downstream one (R4b), as shown in the FC-left panel
in Fig. 11.7. The effect is more pronounced in the second day where a slight
flow increase enhanced the effect of dilution and flow turbulence induced by the
variable hydraulic geometry. A similar effect, even more prominent, is observed
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at downstream KM, where concentrations lowered significantly during the flood
event to rise again during the receding phase of the hydrograph (FC-right panel,
Fig. 11.7).
11.4.2 Model simulation analysis
The short-term field campaign allowed to analyse the status of surface water
at the two locations characterised by different pollution loads and hydraulic
geometry. The interaction between surface and groundwater suggests that the
space-time evolution of pollution during phases of variable flows may affect the
quality of the shallow aquifer. Because groundwater related measurements in
environments like that of Jakarta are extremely demanding, no impact on the
shallow aquifer can be quantified without having available a model that can
simulate the river-aquifer interaction in a spatially explicit fashion also accounting
for unsteady conditions. This case study represents therefore an ideal case of
application of FLUXOS in order to gain knowledge about the complex response
of SW-GW interaction to variable flow and pollution load. The numerical study
hereafter illustrated demonstrates accordingly FLUXOS’ capabilities. Simulations
are, however, restricted to the KM downstream site because, as discussed in
Section 9.1.2, the river recharges the groundwater only after Depok, which is
located downstream of the BBG upstream site.
Fig. 11.9 shows the simulated inundation map at the peak of the main flood
of the hydrograph that was used as forcing of the numerical experiment (see
panel a in Fig. 11.3). The map corresponds to simulation results obtained upon
calibration and validation of the model (see b-right panel in Fig. 11.3). This
model simulation is illustrative of the flooding conditions that are typical for
high frequency events like that represented by the observed hydrograph, which
was also selected as model forcing.
The predicted inundated areas compare well with those that are most com-
monly flooded by high frequency events of magnitude similar to that of the
hydrograph used in this simulation. This is the case, for instance, of the Kam-
pung Pulo area (at the centre of the figure) which, as previously mentioned in
section , is repeatedly reported by local and international news agencies as being
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Figure 11.9: Inundation map from simulation at the peak of the main flood. Cross-sections
S1-S16 are used to analyze the spatial variability of the model results in Fig. 11.10
flooded. Because the level of DO of surface water increased noticeably during
the flood event (see Fig. 11.7, DO-right panel), it is expect this to be reflected
on the downward fluxes of flow and DO to the groundwater. This is investigated
through Fig. 11.10, which shows the computed water (upper panel) and DO
(lower panel) fluxes during the flood event. Complementary plots can be seen in
Appendix C.3.5, Fig. C.13.
Results are plotted along the river transect at grid elements of the centreline
to characterise the flux exchanges through the river bed. The effect of flooding
on the amount of water and DO flowing to the groundwater is variable across
time and space, and that such variability can be strong although transitory. As
evident from Fig. 11.9, some areas experience higher water levels and, therefore,
higher river to groundwater pressure gradients. Between S5 and S6 the water
levels are the highest and so the infiltration rates of both water and DO . Water
fluxes increase progressively during the rising limbs of the flood hydrograph but
DO fluxes seem to be characterised by a more pronounced non-linear behaviour.
The DO computed fluxes range between nearly zero and 16 g/day/m2 through
the simulation and across different locations of the domain. That is caused by the




Figure 11.10: (a) Spatial distribution of the simulated water and (b) DO infiltration rates
through the simulated flood event. The two vertical lines correspond to the first and second
(main) flood peaks
also to play a role. Indeed, while in the case of the first and smaller flood the DO
flux drops abruptly shortly after the peak, in the case of the second and major
flood, it slowly decreases during a period of 3 days. The space distribution of the
fluxes is also variable obeying the hydraulic head determined by the flood water
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level and the river bed hydraulic conductivity, which controls infiltration to the
aquifer. This suggests that some areas may overall experience higher levels of DO
in the benthic layer and that the model is able to identify those regions where
self-healing of organically polluted groundwater may, at least partially, occur more
efficiently. The analysis of the simulation results also highlights an interesting
discrepancy between the total volume of infiltrated water and DO mass travelling
from the river to the hyporheic zone and the shallow groundwater. Fig. 11.11
shows these two quantities computed over the duration of the simulated event.
Figure 11.11: Cumulative distribution of total water volume (left panel) and DO mass (right
panel) infiltration through the flood. The portion attributed to the flood is highlighted in black.
The areas in gray were calculated from flow conditions corresponding to the initial steady-state
hydraulic and water quality conditions to differentiate the effect of the flood from the baseline
condition
The values shown in the plots correspond to the total water volume and
DO mass transferred throughout the duration of the flood event over the model
domain and suggest that, while only 20% of the water flux to the aquifer originates
from recharge due to flooding conditions, the flood related DO transferred mass
exceeds 50% of the total mass reaching the aquifer. The slope of the water
infiltration curve gradually and almost linearly increases as the water rises at
the time of the two incoming flood waves (left panel), but that of DO mass
transfer displays a highly non-linear response (right panel). The total mass of DO
travelling to the groundwater seems to arise mostly from the flood hydrograph
portion corresponding to the incoming waves (steep gradient) and not so much
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from that corresponding to the outgoing waves (mild gradient).
11.5 Comparing coupled and standalone models
In order to further discuss and highlight the value of the predictive capabilities
of FLUXOS, a comparison of its simulation was carried out with those of the
two single component models - MODFLOW and MT3DMS respectively for flow
and transport/water quality.
11.5.1 Standalone models setup
The general setup and parameterization of both MODFLOW and MT3DMS
standalone models is the same of that used in the integrated model version. The
spatial grid resolution was set to 20 meters, exactly as in the coupled model. As
in the case of the first FLUXOS application (Chapter 10), also here the SW-GW
interactions are simulated in the standalone models using the River Package
in MODFLOW and the Sink & Source Disperson Package in MT3DMS (see
Section 7.4.3 for details about these packages). They require predefining the cells
corresponding to the river and therefore subject to river infiltration. This was
determined manually to vary the river width between about 20 and 40 meters on
the basis of areal images of the river channel. A total number of 514 grid cells
were used to represent the river (see Fig. 11.12).
The use of the two standalone model packages requires predefining water levels
and river concentrations for the entire simulation period. Based on the available
water level data (see Figs. 10.5 and 10.3, Section 10.4.1), an average water depth
value of 2.63 m was fixed in MODFLOW. With regard to MT3DMS, river DO
levels were set to an average concentration calculated from field observations (see
Figures 11.5 and 11.6), namely 1.272 mgO2/l.
11.5.2 Comparing model results
The spatial and temporal distribution of SW-GW fluxes necessary for comparison
with the models results during the flood event could not be directly measured
due to a number of practical constrains. Among these are the difficulties intrinsic
to the nature of the measurements, which would require installing many seepage
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Figure 11.12: Setup of externally coupled MODFLOW and MT3DMS standalone models: river
outlined manually
meters (see e.g. Rosenberry and Morin, 2004; Paulsen et al., 2001) and, in the
specific case, the size of the Ciliwung river and the magnitude of the flood.
According to (Kalbus et al., 2006), it is necessary to sample the riverbed at many
locations for a representative sample. Therefore, an indirect method described in
Kalbus et al. (2006) was used. It consists of the estimation of the fluxes from
observations of hydraulic gradients and conductivity based on Darcy’s law, thus
being consistent with the same principle used in the conductance-based model
embedded in both standalone and coupled models.
To this end, water level data acquired for Section 10.4.1 collected during
another campaign, was used here. They were measured for an average river
discharge of 10 m3/s and could therefore be used as a proxy for comparable
conditions that occurred during the rising limb of the simulated flood hydrograph
(see panel a in Fig. 11.3).
Fig. 11.13 compares simulated and observed SW-GW fluxes for both stan-
dalone and coupled models. A cubic spline curve is used to interpolate the
measurements for illustration/qualitative purposes only. Areas highlighted in
"red" and "blue" correspond to the regions where the fluxes are, respectively,
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over-predicted and under-predicted by the models. The results are plotted for
the reach downstream S6 because of the issue with the upstream section of
the DTM/bathymetry reported in Section 10.4.1 and to allow hence a more
meaningful and fair comparison between models.
(a) Coupled model
(b) Standalone models
Figure 11.13: Difference between observed and model predictions for SW-GW water recharge
along the longitudinal transect following the river centreline, i.e. area is shown in "red" when
model predictions exceed observations and in "blue" when the opposite is observed
Results show that the coupled model - panel (a) - outperforms the standalone
models - panel (b) - in terms of capturing the overall spatial distribution of SW-
GW interactions. Some mismatch between observed and simulated infiltration
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rates can still be observed for the coupled model - panel (a) - which are most likely
caused by errors in the DTM and bathymetric data, thus reiterating once again
at the importance of using accurate terrain information to maximise FLUXOS’
capabilities.
Table 11.2 compares the mean absolute error (MAE) and the Root-Mean-
Square-Error (RMSE) for both model results.
Table 11.2: Mean absolute error (MAE) and Root-Mean-Square-Error (RMSE) for both coupled
and standalone models
Simulation results Mean absolute error Root-Mean-Square-Error
(m/day/m2) (m/day/m2)
Coupled model 0.214 (9.0%) 0.242
Standalone models 0.386 (19.9 %) 0.472
Results in Table 11.2 show that the simulations performed with FLUXOS
are superior both in terms of the Mean-Absolute-Error (MAE) and Root-Mean-
Square-Error (RMSE) metrics. While the MAE for the simulated SW-GW fluxes
is 19.9% using the standalone models, it is reduced to 9.0% using the integrated
model. In addition to the worse performance of the standalone model, it is
also important to mention that, because the standalone models do not solve
the surface domain, all its simulations require the knowledge of the river water
depth spatial and temporal distributions prior to the simulations. This limits
the capabilities of the standalone models for diagnostic purposes only. The
comparison between model results presented in Fig. 11.13 correspond therefore
only to that particular time instant where observations were available.
To investigate further the difference between coupled and standalone model
outputs for the entire duration of the simulated event, Fig. 11.15 shows the
absolute percentage deviation (APD) between models predictions.
Results show that the difference between model predictions varies both
spatially and temporally. For SW-GW water fluxes (panel a), the differences
are more pronounced along the y-axis (distance), thus pointing at the particular
importance of capturing well the spatial heterogeneity of water depths and




Figure 11.14: Absolute percentage deviation between coupled and standalone models’ predictions
for SW-GW water and DO recharge, i.e. area is shown in "red" when predictions with the coupled
model exceed those with the standalone model and in "blue" when the opposite is observed.
Results correspond to fluxes along the longitudinal transect following the river centreline (y-axis)
the latter was not considered variable in space in the coupled model due to lack
of data). Temporal variations (along the x-axis), which are caused by an increase
in the water levels due to the flood hydrograph (panel a, Fig. 11.3), can also be
noticed but are less pronounced for the simulated flood event.
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In terms of DO fluxes - panel (b) - the differences are more pronounced along
the x-axis (time), thus pointing at the particular importance for accurate results
of having an accurate representation of the temporal dynamics of contaminant
concentrations in the surface domain (see panel DO-right, Fig. 11.7).
Finally, to complete the comparative study, Fig. 11.15 compares coupled (in
"red" and "grey") and standalone (in "blue") model predictions in terms of total
water and DO fluxes over the entire model domain. The results with the coupled
model are the same ones presented in Fig. 11.11. Panel (b) shows the absolute
percentage deviation (APD) between model results.
(a)
APD between model predictions Water fluxes DO fluxes
Sim 2 (grey) and Sim 1 (red) +35% (+120%) +223% (+361%)
Sim 3 (blue) and Sim 2 (grey) + 85% + 139%
(b)
Figure 11.15: Panel (a): Comparison between simulated fluxes using the coupled and standalone
models. Panel-table (b): Absolute percentage deviation (APD) between model results
Results show that coupled and standalone models predict very different
cumulative infiltration fluxes for both water and DO. While Sim 2 (FLUXOS
- baseline condition, in "grey") and Sim 3 (standalone models, in "blue") show
a linear increase in the volume/mass fluxes throughout the simulation - these
simulations were run using constant BC forcing -, Sim 1 (FLUXOS - flood, in
"red") predicts a more dynamic SW-GW interaction pattern due to it considering
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the effect of the flood in the river water depths and infiltration rates. Because
Sim 2 (FLUXOS - baseline condition, in "grey") and Sim 3 (standalone models,
in "blue") were forced with similar conditions, the differences observed are mainly
related to the errors in the DTM and bathymetry mentioned in Section 10.4.1.
In turn, the relative differences between Sim 1 (FLUXOS - flood, in "red") and
Sim 2 (FLUXOS - baseline condition, in "grey") can be directly attributed to the
"real" effect of the flood.
11.6 Discussion
The analysis of the results from the targeted short-term field campaigns and
model simulations highlighted and quantified, to the extent allowed by the limited
data availability, the complexity of the response of the river-aquifer system to
pollution load during unsteady flow conditions. While conventional steady state
approaches typically suggest that the pollution load present in surface waters lead
to an increase of groundwater contamination, the analysis of water and oxygen
fluxes in transient conditions represented by a moderate flood suggests that both
variable flow and variable hydraulic geometry can induce locally a partial and
eventually short-term self-healing mechanism of the polluted aquifer.
In the upper catchment, at the BBG site, where the urban pressure on the
river corridor is still moderate, measurements of water quality indices showed
that urban parks might play an important role in the quality of the water. In
this reach two weirs, although very small in size and the goal of which was
eventually aesthetic, alter the river hydraulic geometry and proved to be efficient
in replenishing the DO levels and reducing BOD and FC concentrations. The
benefits increase with the river discharge as both dilution and reaeration processes
are higher. The urgency in tackling the problem of flooding by means of structural
measures (e.g. the dam construction) that regulate streamflow may, however,
hamper these benefits.
In the lower catchment, along the Kampung Melayu (KM) reach, where
rapidly growing urbanisation of Jakarta has significantly modified both the urban
fabric of the river corridor and the relationships of human activities with the
river, observations depict a more complex situation. It is possible to observe
178
that contrary to DO levels, which decrease as water flows through the site,
those of BOD and FC either maintain or increase, thus suggesting that the
reaeration process is not sufficient to contrast the increasing organic pollution
load under steady state conditions. However, transient flow conditions due to
a high frequency flood event reduced FC levels significantly. Moderate floods
seem therefore to have a strong and positive, although temporary, effect on most
surface water quality parameters. Favouring flood protection measures, which
are mainly effective only on low frequency and highly impacting events, could
therefore enable more frequent and lower magnitude floods to induce a temporary
reduction of the surface water organic contamination.
Model simulations suggest, moreover, that the observed improvement of river
water quality during high flow conditions is likely to impact positively also the
benthic layer and eventually the riverine shallow aquifer. Results show indeed
that during transient flow conditions the river to groundwater fluxes of both
water and DO increase. However, the total DO mass flowing to the subsurface
through the river bed is significantly higher than the infiltrated water volume,
thus suggesting a possible temporary upturning of natural degradation processes.
The simulated fluxes are yet highly heterogeneous in space, which bespeaks that
the improvement will potentially manifest itself unevenly.
11.7 Summary
Effective rehabilitation strategies to address the flooding and water quality
problems in urban river corridors require deep understanding of the interactions
among hydrological, hydraulic and biochemical processes. The Jabodetabek
region was used to investigate this hypothesis, particularly the urban river
corridor of the Ciliwung River flowing through Jakarta, which is under great
urbanisation, pollution and flood risk pressure. Specifically, results show that the
combination/interaction of natural and human-induced processes in the Ciliwung
River - and in any similar river - is highly complex. Preventive and remediation
measures to flooding and water quality problems require a deep understanding of
the major sources of pollution, their pathways and transformation processes.
The combined use of targeted short-term field campaign and of simulations, by
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means of an advanced flow and transport model of river-aquifer interaction using
FLUXOS, showed to be a suitable approach to provide an efficient assessment of
the impact of alternative management and/or remediation scenarios.
It was shown that structural measures to the problem of recurrent flooding
by means of a dam, which would be operated to reduce the average magnitude
of river discharges hitting Central Jakarta, might have a negative impact on the
overall quality of the river and subsurface waters, if not accompanied by adequate
measures to reduce the pollution load. Altering the current hydrological and
hydraulic variability of the river system may hamper the self-healing capacity
of the river, which depends on enhancing natural aerobic degradation processes
in the aquifer through increased infiltration and oxygen transport through the
benthic layer during high flow periods. Because of the high dependence of the
Jakarta population - as well as of many other rapidly growing urban areas in the
world - on the shallow aquifer system as main drinking water source, revitalisation
solutions for urban river corridors, which maximise the regenerative capacity of
the river-aquifer system, represent the only viable solutions for sustainable urban
river corridor design.
Although this study is based on recent events, it allowed demonstrating how
advanced flow and transport models of river-aquifer interaction are, in this respect,
a helpful tool to support more integrated urban planning of river-aquifer systems
in challenging urban environments. It suggests also that if further coupled with
studies of urban growth (e.g. Veerbeek et al., 2012), FLUXOS can further help
anticipating the evolution of pollution loading of surface and groundwater, thus
providing a sounder basis for sustainable river management in the urban context.
The comparative study between observed and simulated SW-GW fluxes
using both standalone and integrated-coupled models showed that, contrary to
standalone model approaches, the integrated FLUXOS model is able to capture
the spatial and temporal variability in the fluxes for diagnostic and prognostic
(i.e. planning) purposes. In this respect, the accuracy of the model predictions
using FLUXOS depends mainly on the quality of the input data, i.e. terrain,
flow and water quality, in order to maximise the quality of the model output and
benefit from the increased complexity of its calculations, which represent more
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Rivers and groundwater interact in a complex manner at local scales. The
mechanisms involved are dynamic and the repercussions in the hydraulics and
water quality of each individual systems are variable. The exchange patterns,
both in terms of flow and mass, arise yet oftentimes from the combined effect of
a number of highly non-linear mechanisms due to natural hydrological variability
affecting transport, morphodynamic and hydrodynamic processes.
Understanding and quantifying this dynamics from observations presents the
drawback that the measurements necessary to quantify the processes are extremely
demanding and not easy to be carried out (Kalbus et al., 2006), especially in the
context of long river corridor domains and/or highly urbanised areas. The use of
standalone models to simulate such fluxes is also difficult because the modelling
schemes embedded in these models to account for river-aquifer interaction are
often simplified.
In this research, a new physically-based modelling framework was proposed
to estimate numerically flow and mass exchange from integrated hydraulic and
transport-water quality simulations for both systems. The tool was developed
from the full coupling of standalone source codes, which were modified and
recompiled to be integrated into a new modelling framework and computer
program. The modelling framework, named "FLUXOS", solves all equations in
parallel, i.e. flow and transport-water quality for both the surface and subsurface
domains. It continuously re-computes also the exchange fluxes between the two
systems to account for changes in the relative positioning of water levels and water
tables (i.e. pressure gradient) and in the spatial distribution of mass throughout
the simulation.
The proposed integrated modelling framework is capable of simulating a wide
range of complex situations that characterize urban rivers (but not only), such
as flooding, losing and gaining streams, river-aquifer interactions that reverse
direction over time, and multiple pollution problems in both systems. It uses
distributed hydraulic and transport-water quality algorithms, 2D for the surface
and 2D/3D for the subsurface, thus being capable of modelling the pollution
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plume dynamics in either system and under both steady-state and unsteady
conditions.
Simulation tests were run for different controlled test cases representative of
real world situations. They showed that the modelling framework can simulate
the exchange of water and contamination between the SW and GW systems also
in those cases where this varies significantly due to the variability and dynamics
of the hydraulic and water quality conditions. For cases involving steady-state
conditions, the integrated model demonstrated to provide insights - otherwise
difficult to be identified - about the areas which undergo stronger interaction
mechanisms and are, thus, more susceptible of transferring pollution across the
surface and subsurface domains. Moreover, in cases involving transient conditions,
the integrated model proved to be able to simulate the river-aquifer interaction
patterns through space and time for a number of typical events, such as flooding,
accident spills, continuous organic emissions and many more.
To explore the capability of the model to investigate real world problems even
in complex and data scarce case studies, FLUXOS was used in two independent
studies, both related to the Ciliwung River and its shallow and deeper aquifers.
These two studies made possible to challenge FLUXOS with rapid urban growth
and the associated flooding and water resources contamination rise caused by the
absence of sewage infrastructures and the uncontrolled development on the river
embankments and in the river corridor of settlements by communities affected by
poverty. Because the Ciliwung River is generally a losing stream characterised
by highly variable hydraulic and water quality regimes, the potential for flood
hazards and pollution of the groundwater system is high, thus creating very
favourable conditions for unsteady river-aquifer interaction phenomena, which
are an ideal testbed for FLUXOS.
In the first study, the integrated model was used to explain the nitrogen cycle
in the freshwater systems of Jakarta and to identify the main sources and contam-
ination pathways of nitrogen from the river into in the groundwater. The complex
and partial picture provided by the few data available could be clarified through
FLUXOS simulations. These show strong evidences that the combination/inter-
action of natural and human-induced processes is affecting the N-cycle in both
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the river and shallow aquifer of Jakarta. From field observations, it was observed
that N appears in different forms in the river and shallow aquifer depending on
the season and location. While in the upper and middle catchment, the levels
of NO−3 are higher in both the river and shallow aquifer, inside the downstream
and more urbanised reach, these levels significantly decrease via denitrification
due to the low levels of DO. This causes a rise in NH3 concentrations. Seasonal
variations in the average river discharge have an impact in these concentrations
by altering the dilution capacity of the river - effect observed mainly in the upper
and middle catchment - and by altering the concentration of DO which affects
nitrification processes - effect observed mainly in the downstream catchment.
The model simulations allowed to extend the experimental evidence by esti-
mating river to groundwater N infiltration rates during the wet and dry seasons
for different development scenarios, thus showing how FLUXOS numerical ex-
periments can contribute to improve the knowledge about the response of the
SW-GW system under different pollution and hydraulic regime forcing condi-
tions. The estimated fluxes were compared to leaks from septic tanks and other
wastewater disposal areas that were estimated from literature data. Results
show that the Ciliwung River recharges significantly the shallow aquifer in the
lower and more urbanised reach. However, in terms of N, the recharge fluxes are
small when compared to those originating from leaking septic tanks. This model
based evidence allows to conclude, without the need of demanding measurement
campaigns, that an effective control of N concentrations in the shallow aquifer
requires investments in sanitation infrastructures.
The spatially explicit nature of FLUXOS allowed, moreover, to highlight that
at local scales the contribution from the Ciliwung River is surprisingly high when
compared to that of septic tanks, both in terms of recharge and N fluxes. This
suggests that localised effects on the levels of N-total in the groundwater and on
its general chemistry along the river corridor may occur. FLUXOS simulations
help in this respect by allowing the identification of those areas where a reduction
of the levels of contamination should be primarily be achieved by rehabilitating
the water quality of the river, in general, and N-total concentrations, in particular.
In the second study, FLUXOS was used to investigate the effect on the water
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quality of river and shallow aquifer following streamflow regulation through the
construction of a dam designed to reduce flooding, as it has been proposed by the
Indonesian authorities. Also in this application of FLUXOS, the model is used to
corroborate, extend and generalise some evidences obtained from a limited set of
available data. More specifically, the study uses hydraulic and water quality data
collected during a flood event at one upstream and one downstream location,
which are representative of the contrasting transient hydraulic and water quality
regimes of the region that is characterized by an increase in pollution, flow
magnitude and flood vulnerability along the river corridor in the direction of
the flow. The collected data point at DO increasing with the discharge while
those related with pollution (e.g. BOD, FC and Electric Conductivity) generally
decrease.
FLUXOS simulations to further investigate the data-based evidence of spatial
and temporal characteristics of river to shallow aquifer fluxes, both in terms of
water and DO, showed that, besides being extremely heterogeneous and dynamic,
the flux patterns for either water and DO are very different. In particular, the
model outputs allowed to determine that, while the temporal distribution of water
fluxes is intimately related to the flow hydrograph, that of DO depends heavily
on the river concentration distribution, which varied substantially throughout
the simulated flood event. While, intuitively, DO recharge occurs mainly during
high flows, as both infiltration and oxygen content are high, the model results
allowed to highlight that only about 20% of the water that is recharged can be
attributed to the flood, but DO fluxes exceed 50%.
While observations could show only the positive influence that flooding has in
increasing DO levels in the river, FLUXOS simulations allows to demonstrate that
floods may also benefit the quality of the water in the benthic layer, hyporheic
zone and, possibly, the shallow water aquifer, due to the over-proportional
increase of DO fluxes into the subsurface. Thus, the use of the coupled model
allows to assess the effect of mitigation strategies based on non-conventional
remediation measures, such as enhancing the DO of the river to allow natural
aerobic degradation also in the shallow aquifer at locations where simulations
show the potential for higher exchange fluxes. Finally, FLUXOS simulations allow
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to highlight that the complex and non-linear nature of the exchange processes
occurring between surface and subsurface water systems.
Regarding the overall performance of the model when compared to standalone
models and observations, one concludes that setting up the FLUXOS requires
a large amount of data, e.g. terrain, discharge, water depth and water quality
data. It requires also a good calibration of the calibration for accurate results
and to present a tangible advantage in relation to standalone models. In turn, it
presents the advantage that, contrary to standalone models, it can be used to
complement observations that are difficult to obtain for long river corridors.
The advancement of knowledge with regards to the effects of remediation
measures and management strategies that harmonise both the flood risk and the
quality of water resources with both the needs of the population for a reliable
drinking water source and the needs of indigenous species and ecosystems for a
balanced and healthy aquatic environment, is the key to a change of paradigm
in designing the future of river corridors in both urban areas and regions where
considerable pressure on the river exists. The work presented in this manuscript
demonstrates that developments like the modelling framework proposed can
contribute substantially to such advancement.
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13 Outlook for Future Work
The research work presented in this thesis links up with previous studies from
many different areas. It is a first step towards an integrated modelling framework,
which bridges the gap created over the years between surface and subsurface
modeling and between hydraulic and transport-water quality simulations, thus
mimicking more faithfully the interconnected nature of environmental systems
by means of more integrated hydraulic and water quality simulations.
On the one hand, the work faced many challenges due to the involved complex-
ities in the proposed model structure and due to lack of experimental (and field)
data for model verification purposes. On the other hand, the availability of a first
prototype of integrated model opens new opportunities to investigate through
numerical experiments research questions regarding the mechanisms involved in
the transport of pollution through freshwater systems in urban environments,
where pressure on both surface and groundwater are often very high and complex.
While the advancements of simulation capabilities provided by FLUXOS is
evident from the presented results, further research is needed to achieve model
developments that allow to overcome some of the limitations of the current
model, which require additional work that, for its complexity, would exceed the
scope of this PhD. First, the availability of more (experimental) data is key to
further validate and progress the model. It is also important to enhance the
computational efficiency by further rearranging parts of the code for parallel
processing. Some other most obvious improvements are briefly outlined in the
sections that follow.
13.1 Improvements of the integrated modelling framework
To put forward a generic framework that is suitable to look at pollution problems
affecting dynamic urban and natural river-aquifer systems, as well as developing
a way to formalise it through the coupling and modification of a series of complex
model codes, presented a broad range of difficulties. The proposed modelling
framework integrates four state-of-the-art numerical solvers that have been
modified to achieve an internal coupling, and a number of subroutines embedded
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in the main program. It uses computationally intensive algorithms to guarantee
numerical stability under extreme conditions.
Accordingly, some obvious areas for improvement are outlined below::
1. The coupled model uses equally spaced structured grids to discretise the
model domain. Allowing for non-equally spaced structured or unstructured grids
is an important step towards a more optimised model setup and performance,
aspect that is particularly important in the simulation of naturally meandering
rivers and irregular corridor topography.
2. The river flow model component is 2D, i.e. solutions are depth-averaged,
and therefore the vertical momentum is not resolved. Therefore, velocities are
often overestimated near vertical walls, thus inevitably affecting the solution
of the transport model component. To deal with this problem, the prototype
integrated model uses an elaborated/robust algorithm to permanently check and
correct the computed fluxes. This portion of the script, which is inescapable to
guarantee the stability and accuracy of the solution, is difficult to parallelise while
obeying the mass balance principle. This part of the code, which is a significant
one and still remains sequential, creates a performance bottleneck. Additional
changes in the software architecture need therefore to be made in order to find a
solution to this problem.
3. The groundwater flow model component uses a modified version of MODFLOW-
2005, which does not solve Richard’s equation for unsaturated flow. Extending
the model to include such solver, for instance such as in MODFLOW-VSF (Thoms
et al., 2006), would allow for more realistic simulations in conditions where a
sizable unsaturated layer exists. One of the reasons for not including such model
in the prototype model stems from the fact that MT3D, the source code used
for simulating subsurface transport and water quality, applies exclusively to
saturated flow. Adding such feature to the model would extend the capabilities
of the integrated model, also opening new interesting research questions.
4. The benthic boundary layer is often rich in chemical and bacteriological
activity (e.g. Piscart et al., 2011; Ferguson et al., 2013), hence the chemical
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compounds passing through this region through infiltration or exfiltration are
likely to be subject to transformations. Such processes are not taken into account
in the current version of the model. An effort should therefore be made in the
future to enhanced the representation of such processes in improved versions of
the model.
5. Turbulence in rivers may significantly affect the concentration and transport
of contaminants, particularly at the reach scale. In the scope of this research, no
turbulence closure was included in the model. Therefore, values for eddy viscosity
(νt) and diffusivity (EturbH ), which are used in the model to predict diffusion rates
(see Section 6.1.1), are not computed as a function of turbulent kinetic energy
(k). A possible way to include such effect is through the integration of k-L or k-
turbulence closure models.
6. A 2-D sub-grid scale turbulence model, such as the Smagorinsky SGS
(Smagorinsky, 1963) or the Uittenbogaard’s (Uittenbogaard and Van Vossen,
2004) schemes, which use the Horizontal Large Eddy Simulation (HLES) concept,
could be included to account for unresolved mixing occurring at sub-scales. The
performance of these models is compared in Awad et al. (2009).
Finally, and more in general, future work should also focus on improving
the computational efficiency by further rearranging and/or optimising parts of
the code for parallel processing, and on developing additional modular packages
to account for interaction between chemicals that occur within specific natural
cycles, such as the nitrogen and oxygen cycles.
13.2 Model applications
The capabilities of FLUXOS, which were validated using analytical solutions
and demonstrated through a few test cases, could not be fully shown in real
world application due to lack of data, particularly for the subsurface system. The
model was indeed successfully used to estimate river-groundwater flow and mass
fluxes, but the accuracy of the simulated plume in the groundwater could not
be validated due to insufficient data to constrain and verify the groundwater
model components. Future work developments should include therefore field
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work aimed at collecting joint surface and groundwater data of both flow and
tracer/pollutants, which are necessary for the confirmation of model performance
and accuracy in representing faithfully the river aquifer interaction and, especially,
the tracer dynamics across compartments.
The two test bed application for the Jakarta case study of the integrated model
allowed anyway to show the diagnostic use of the model simulations to provide
indications about best practices strategies to manage the pollution problem of
the groundwater system of the Ciliwung river. More specifically, in the first study,
the model allowed quantifying the dynamics of recharge of water and DO into
the groundwater during a flood event, which revealed to be particularly intense
and therefore lead to enhanced aerobic biodegradation of organic constituents
by means of indigenous microorganisms in the benthic layer and shallow aquifer.
Due to the limited data available for calibration and validation, which required
additional work for an adequate preparation and parameterisation of the coupled
model for the transient conditions of the simulated event, the model application
was, in this particular case, directed mainly to diagnostic purposes. Some of
the most obvious future steps are simulations to include scenarios to further
investigate the effect of climate change and population growth in the self-healing
capacity of the river-aquifer system.
Regarding the second study about the nitrogen cycle in the river-aquifer system
of Jakarta, the research work presented in this thesis showed that although septic
tanks are the major source of N pollution in the groundwater, the Ciliwung river
may have an overriding effect at local scales along the river corridor. Some of
the most obvious future steps are the use of stable isotopes to further investigate
this phenomena. Such studies, involving joint measurements in both the river
and aquifer systems, may allow to further explore the capabilities of the model
to investigate the pathways of the pollutants originating from the river in the
aquifer system, which could be used for the delineation of protection zones to
guarantee safe groundwater water for the communities most dependent on private
and public wells for drinking water.
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APPENDIX A Limitations of Single Compartment
models: 2D River Model Application,
Qualitative analysis
In Figure A.1 the maximum concentrations along the W-E axis are plotted
together with the corresponding inundated areas for all scenarios and for different
instants through the simulations.
With respect to the mixing process, all simulations seem to reach quasi-steady-
state conditions within the first 4.5 hours of the flood. The simulation results
displayed in the figure are therefore limited to this time and present the mixing
process evolution over the unsteady period.
One of the first aspects to highlight is the considerable impact of irregular
river and urban morphologies on the overall speed of inundation and, ultimately,
on the flooded area. In fact, as intuitively expected, dense urban fabrics seem to
be particularly effective in delaying the speed of both flood and pollution waves
and thus in reducing the extent of the flood.
With regards to the specific dynamics of the mixing processes, the complex
overbank flooding patterns are clearly responsible for accelerating the dilution
phenomena. The scenarios contemplating highly urbanised urban morphologies
reach quasi-steady-state conditions more rapidly when compared to their respec-
tive counterpart scenario without housing. This seems to be a direct consequence
of particularly high overbank interstitial (i.e. between houses and urban furniture)
flow velocities.
If, on the one hand, the urban fabric seems to help in evening and smoothing
out more rapidly concentrations across the entire domain, the exceptionally noisy
signal observed in the Scenario 2 (Straight channel+Urban) and 4 (Meandering
channel+Urban) seems to persist after the quasi-steady-state phase is reached.
A possible explanation of this circumstance seems to be the existence of blind
alleys and other dead zone areas in the urban fabric, which temporarily trap
polluted water that ends up stagnating thus retarding dilution. In actual fact,
this phenomena can also be observed in the scenario representative of Kampung
Melayu (Figure A.2).
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(a) Scenarios 1 (Straight channel+Rural) (b) Scenarios 2 (Straight channel+Urban)
(c) Scenarios 3 (Meandering channel+Rural) (d) Scenarios 4 (Meandering channel+Urban)
(e) Scenarios 5 (Real+Rural) (f) Scenarios 6 (Real+Urban)
Figure A.1: Maximum concentration along the W-E axis (in black, left-y axis) and the corre-
sponding percentage of the domain inundated (in gray, y-right axis)
These results show the importance of designing urban fabrics, which minimise
these circumstances, in order to avoid the occurrence of preferential infiltration
spots into the groundwater system. The real case scenario shows an even more
216
Figure A.2: Trapping of pollution on localised terrain depressions and/or on blind alleys which
leads to stagnating water regions: comparison between real Scenarios 5 (Rural) and 6 (Urban)
(Zoom-in of Figure 3.8)
acute and persistent evidence of this phenomenon. When comparing Scenario 6
(Real+Urban) to 5 (rural counterpart) or 4(Meandering channel+Urban), the
latter the hypothetical scenario closest to the actual Kampung Melayu landscape
configuration, a remarkably high number of spikes in the concentration signal
can be indeed observed spreading across the model domain.
Finally, by holding the inundating waters back, delaying the flooding wave
front and accelerating the mixing processes, the morphology of the river channel
seems to dramatically affect the response of the system. Comparing Scenarios 1
(Hypothetical+Straight channel+Rural) to 3 (meandering channel counterpart)
and 5 (Real+Rural), it seems that quasi-steady-state conditions take much longer
to be reach in the channelised-straight rivers case (Scenario 1). Alternating
velocity directions induced by complex river topologies accelerate the mixing
processes, smoothening out the concentrations much faster.
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APPENDIX B Model Development
B.1 Dispersion coefficients used in the analytical solution
The principal components of the dispersion coefficient [L2T−1] tensor can be
calculated from Equations 17 (Burnett and Frind, 1987). The velocity field is
strictly in the x-direction (vx = 1/3m/s, vy = vz = 0m/s) and the dispersivity
values are taken as αx = 10m and αy = 0.3αx = 3m. As a result, if neglecting
molecular diffusivity (D∗), which is typically small in rivers when compared to



















B.2 Sensitivity Analysis: Simulation SS-CL
Figure B.1 shows the simulated river and groundwater concentrations, and water

























































































B.3 Sensitivity Analysis: Simulation T-F-CL
Figure B.1 shows the simulated river and groundwater concentrations, and water


























































































B.4 Some consideration about the computational performance
To provide an overview of the computational performance of the model under
different hydraulic and water quality conditions, Fig. B.3 plots the model running
time against the real time period simulated for the different scenarios considered
in Section 5 (Model Application). It should be noted that all scenarios were run
using the same terrain conditions and model discretisation.
Figure B.3: Model running time compared against the real time period simulated for different
scenarios
Results show that the computation performance of the model varies signifi-
cantly depending on the conditions defined in the numerical experiment. While
the model shows efficient computational times for both the transient scenarios
(red dots) and the SS-CL steady-state scenario (lower blue dot) - as can be
observed by the low relationship between the time the model takes to run versus
the real time period simulated - its performance significantly worsens for the
simulation involving exfiltration (upper blue dot, SS-CS)
Although this is undesirable, it was expected since the number of active (wet)
cells in the surface domain significantly increases when exfiltration occurs, thus
increasing also the number of contiguous river-aquifer cells exchanging water and
mass. Another important aspect contributing to this is related to the wetting
and drying of cells in the surface domain due to exfiltration of groundwater.
This process is often problematic in numerical models because it is prone to
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mathematical singularities which create numerical stability and conservation of
mass problems. This problem is handled in FLUXOS by solving the different flow
and transport equations based on mass fluxes and by using the RitterâĂŹs (1982)
analytical solution for dam-break to handle the inner boundaries. Although




APPENDIX C Studies and model applications
C.1 Digital Terrain Models
Two DTMs were used in this research, "TM-Kmpg. Melayu" and "TM-River
corridor". In the following subsections, details about the development of each of
the data sets are provided.
C.1.1 TM-Kmpg. Melayu DTM
The original point cloud data was obtained from overlapping aerial images cap-
tured during a series of UAV (Unmanned Aerial Vehicle) campaigns. The images
were collected in 2013 from flights along pre-programmed paths that covered the
desired area. The images were geo-referenced using image triangulation, which
was adjusted to accurately measured control points on the ground. The 3D point
cloud data was extracted from the images at very high resolution - 0.1 meters
- using stereo photography techniques and interpolated to obtain a square-grid
based digital surface model (DSM).
Fig. C.1 shows a 3D view of the entire point cloud dataset (panel a) and a
detailed view of a subset of the domain to highlight the density of points (panel
b).
The digital terrain model (DTM), which is needed with high vertical accuracy
for flood simulations, could not be extrapolated directly from the DSM using
standard automated techniques. The difficulty came with the limited number of
data points corresponding to the ground level due to the high density of buildings
of the area. Alternatively, a semi-automated procedure was adopted. It consisted
in the use of elevation data measured on site as control points for manually
adjusting and correcting the results.
In Fig. C.2, DSM (panel a) and DTM (pane b) meshes, which were generated
from the point cloud, are compared for a subset of the domain.
The last considerations regard to the reconstruction of the river bathymetry
from cross-section data. Two sets of cross-section data were available, one collected
by researchers from the Future Cities Laboratory, while the other extracted from
an HEC-RAS model provided by the Indonesian authorities. Both datasets were
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(a) 3D view of the point cloud dataset
(b) Detailed view of data points
Figure C.1: "TM-Kmpg. Melayu" point cloud data
combined and used to interpolate the river bathymetry. The total number of
cross-sections available was still small to allow for a linear interpolation of the
entire riverbed. Instead, a semi-empirical procedure is deemed to be necessary
here. In this case, the procedure consisted in identifying the river banks from the
DTM and using that information to adjust the width of the river. The reader is
referred to Lin and Girot (2014) for more details on the methodology used for
DTM to DSM extrapolation and for merging terrain and bathymetric data.
Fig. C.3 shows the location of the cross-sections measured and the bathymetric
data interpolated for the entire river domain, and Fig. 9.7 shows the final DTM




Figure C.2: Comparison between DSM and DTM meshes for a subset of the domain
227
(a) Areal view
(b) 3D view of river channel 2
(c) 3D view of river channel 1
(d) 3D view of the river channel with point
cloud embedded
Figure C.3: Location of cross-sections C1-15 and bathymetric information interpolated for the
entire domain
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C.1.2 TM-River corridor DTM
The second dataset, "TM-River corridor", was generated by Shaad (2015) and
consists of IFSAR (Interferometric Synthetic Aperture Radar) topographic in-
formation merged to bathymetric data. The bathymetry was interpolated from
the 700 cross-sections embedded in the HEC-RAS model that was mentioned
previously (Fig. C.4). The DTM model was produced at 5 meters spatial cell
resolution and covers an area of 118.3 km2, which results in approximately 4.73
million cells (1318 x 3591 cells). To improve model efficiency, only a subset of
the original data corresponding to the region surrounding the river was used in
the simulations (Fig. 9.8). It covers an area of approximately 46.64 km2 and is
composed of almost 2 million cells (530 x 3520 cells).
Figure C.4: Terrain model for
the "TM-River corridor"
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C.2 Model Application I
C.2.1 Water quality standards
Table C.1: Water quality standards (WQS) [mg/l]. Chemical species marked with * are not
directly provided and were calculated from the regulatory limit of the corresponding species
(located immediately above or below) using the appropriate standard atomic weight relationships:
MN ≈14u, MO ≈16u, MH ≈1u and MP ≈31u
Indonesian WQS WHO EU
(as reported in Nahattands (2015)) 1993 1998
Parameter class I class II class III class IV drinking standards
Conduc. - - - - - -
DO 6 4 3 0 - -
BOD 2 3 6 12 - -
Total N - - - - 50 -
NO−3 -N 10 10 20 20 (as Total N) 11.29*
NO−3 44.29* 44.29* 88.57* 88.57* (as Total N) 50
NO2-N 0.06 0.06 0.06 - (as Total N) 0.15*
NO2 0.20* 0.20* 0.20* - (as Total N) 0.5
NH3-N 0.5 - - - - 0.41*
NH3 0.61* - - - - 0.5
PO2−4 -P 0.2 0.5 1 5 - -
PO2−4 0.61* 1.53* 3.06* 15.32* - -
Ca - - - - - -
Cl - - - - 250 250
MBAs 0.2 0.2 0.2 0.2 - -
FC 100 1000 2000 2000 - 0
TC 1000 5000 10000 10000 - 0
Class I: drinking water
Class II: recreation and fresh water fish nurturing
Class III: fresh water fish farming
Class IV: irrigation
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C.2.2 Laboratory methods specification
Table C.2: Description of the methods used to measure the water quality parameters either in
situ or in the laboratory
Methodology
Parameter In situ Sampling and laboratory
(YSI R© sensor type) (method specification)
WT high-precision thermistor -
EC four electrode cell -
DO polorographic
TDS - APHA Section 2540 C Edisi 21st, 2005
BOD5 - APHA Section 5210 - B 2005
NO−3 -N - APHA Section 4500 NO−3 - B 2005
NH3-N - APHA Section 4500 NH+3 Edisi 21st, 2005
PO3−4 - Spectrophotometer
Ca - APHA Section 3111 - B 2005 (AAS)
Cl - APHA Section 4500 Cl− Edisi 21st, 2005
MBAs - SNI 06-6989.51.2005
Cu - SNI 06-6989.6.2009
Pb - APHA Section 3111 - B 2005 (AAS)




C.2.3 Discharge in the Ciliwung River at Sugutamu

















































The seasonal variations observed before and after 2001 are significantly
different. Although we could not confirm the causes for this change, it possibly
points at the effect of urbanization by reducing infiltration and increasing urban
runoff.
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C.2.4 Ciliwung River water quality sampling locations
Table C.3: Description of the sampling locations as provided by the Indonesian authorities
Location no. Description Location no. Description
0 Atta’awun 12 Ciluar
1 Cisampai 13 Permata Depok
2 Masjid Nurul Iman 14 Cikumpa
3 Jembatan Leuwimalang 15 Sugutamu
4 Jemb.Gadog 16 Akses UI
5 Ciesek 17 Cijantung
6 Bendung Katulampa 18 Condet
7 Cibudik 19 YPM Manggarai
8 Jemb Sempur 20 Manggarai
9 Cikapancilan 21 Mangga dua
10 Kedung Halang 22 PIK
11 Ciparigi
233
C.3 Model Application II
C.3.1 Sampling sites
Photographs of the two sampling sites: Bogor Botanical Gardens in Bogor (panel







Figure C.6: Panoramic views of the field campaign sites: (a) Bogor Botanical Gardens in Bogor
and (b) Kampung Melayu in Central Jakarta. Photos of the (c) river and of (d) a street running
parallel to the river in Kampung Melayu during the main flood event monitored (the house’s
backyards face the river). Photographs of a house taken (e) before and (d) during the flood
event. The pictures of the flood were taken in May 12th at 11:50, approximatly 30 minutes after
the peak of the flood
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C.3.2 Determination of the flood hydrograph from proxy data
The reconstruction of the flood hydrograph from temperature data was carried
out through the following procedure:
Step 1: Characterization and removal of undesirable oscillations in the tempera-
ture measurement which are unrelated to the flood event, such as those
caused by diurnal air temperature variations;
Step 2: Estimation of the flood hydrograph from temperature data using a linear
temperature-water level relationship determined from observations; and
Step 1 Fig. C.7 summarizes the incremental calculation steps and intermediate
results. In brief, the diurnal oscillations were characterized using a sine-wave
curve calibrated using a subset of the temperature data where these variations
are well demarcated, that is from 14th May onwards. The removal of these
oscillations from the entire dataset was performed by subtracting the sine-wave
curve extrapolated to the entire campaign period.
Step 2 The spurious oscillations in the temperature data - those not directly
caused by the flood - were removed in Step 1. The shape of the flood hydrograph
is, therefore, similar to the inverse of that of the temperature curve designated
as Result F in the lower panel of Fig. C.7c.
To estimate the flood hydrogragh, a linear temperature-flow relationship
was develop using two pairs of the data, one corresponding to the beginning of
the monitoring campaign (T1-Q1), and one corresponding to the peak of the
main flood event (T2-Q2), which occurred in 12th May at 11:20 (see panel c in
Fig. C.7c). These points are respectively the higher-lowest and lowest-higher
temperature-flow values observed, thus making the estimation of flow information
from temperature data a simple case of linear interpolation.
While the temperature values were obtained directly from the measurements,
T1 = 27.96 oC and T2 = 25.47oC, the discharge rates were estimated from water
level observations measured in location R2j: H1 = 5.56 m and H2 = 4.35 m
(Figure C.8a). A rating curve determined numerically with the standalone 2dMb






































































































































































































































































































































































































































































































C.3.3 for the rating curves in locations R1j-R3j and for inundation maps.
(a)
(b)
Figure C.8: Panel (a): River water depths observations collected prior to and at the peak of the
main flood event. T.C is used to designate "Terrain Cross-section". Panel (b): Rating curve
determined numerically for R2j location and determination of Q1 and Q2 flow discharges from
respectively H1 and H2
Finally, the linear relationship between temperature and flow discharge was
determined using both (T1,Q1) and (T2,Q2) data pairs: Q = 31.601− 0.2193 · T ,
where Q is in m3/s and T is in oC.
Fig. 11.3, in Section 11.3.1, shows the estimated flood hydrograph and
snapshots of the corresponding inundation maps at different time instants through
the simulation.
C.3.3 Simulated rating curves and inundation maps
Inundation maps simulated by the flow model component for 3 different flow
rate steady-state simulations (panel a, Figure C.9). The flow rates used are
representative of the lower, middle and upper discharge ranges covered by the




Figure C.9: (a) Inundation maps generated numerically for Q = 12 m3/s (left panel), Q =
28 m3/s (middle panel) and Q = 56 m3/s (right panel) and the rating curves determined
numerically at R1j, R2j and R3j
C.3.4 Calibration of the surface transport-water quality model com-
ponent (Formulation II)
Recall from Section 11.4.2 that Formulation II implies the full application of
Equation 29 for the calculation of KDO (=
∂cDO
∂t
), which contains two main
terms, one to account for the effect of reaeration: ka · (cDOs − cDO), and one to
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In the case of reaeration, the expression depends on (i) Ka, which is calculated
from velocity and water depth data (simulated by the flow model component)
using Churchill’s equation (Churchill et al., 1962), on (ii) cDOs , which is calculated
from temperature observations using ALPHA’s equation (ALPHA, 1985), and
on (iii) cDOs , which was measured. The selection of Churchill’s equations to
the detriment of others is grounded on considerations of depth and velocity:
ka,20oC = 5.049 · v0.97 · h−167, where ka is in day−1, v is velocity in m/s and h is
water depth is m. ALPHA’s equation reads: ln(CDOs) = −139.34411 + 1.575701 ·
105/Tk − 6.642308 · 107/(T 2k ) + 1.243800 · 1010/(T 3k )− 8.621949 · 1011/(T 4k ), where
Tk is temperature in Kelvins.
In the case of BOD and its effect on the DO budget, the expression depends
on three parameters and two variables. The parameters are KBOD, θBOD and
KHBOD and their range values were obtain from the literature (see Table 3.1,
Section 3.2.1). The values of KBOD were submitted to a temperature correction
of the type: kT = k20oC · θT−20, which is already included in the main equation.
The two variables are cDO and cBOD and where measured at three locations
(R1j-R3j). However, as previously said, while cDO was (continuously) monitored
at 5 minute intervals, those of BOD were only sampled one to three times a day,
frequency which unfortunately revealed insufficient to understand and reconstruct
its dynamics through the event.
As a result, the calibration procedure was divided into two main steps. The
first step consisted in examining the sensitivity of Equation 29 to the different
parameters and variables. The average concentration measured for cBOD is
used at this stage. The study aims at identifying the main processes/terms
influencing the outcome of the equation and comparing its performance to that of
Formulation I. The second step consists in reconstructing the dynamics of cBOD
during the flood event through inverse modelling.
C.3.4.1 Step 1 Figure C.10 shows the temporal signal (averaged over space)
of each parameter and variable involved in the computation of KDO. The terms
corresponding to reaeration and DO depletion due to BOD are shown in panels
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a and b, respectively. The parameters/variables are presented in the same form
as they appear in the respective formulas to allow directly relating their signal
to the final result. Range values of parameters proposed in the literature are
included.
In the case of reaeration (panel a), results (left panel) depend mainly on the
concentration of DO (right-a3 panel) - note that both show a similar temporal
distribution. Variations in the simulated velocities (right-a1 panel) and water
levels (right-a2 panel) seem to have, in turn, a minor role. Regarding temperature,
although the distribution of 1/T (right-a4 panel) resembles partially that of the
final results (left panel) inversed, its range values are small, pointing at a small
effect.






relationship (right-b4 panel), which corresponds to
the Michaelis-Menten kinetics model - also note here that both show a similar
temporal distribution. That is due to DO varying substantially during the
event and falling close or below KHBOD, which results in a rapid reaction rate
deceleration (see left panel). Similarly to the case of reaeration, although the
distribution of θT−20BOD (right-b2 panel) resembles partially that of the final results
(left panel), its range values are small, pointing at a small effect of temperature.
In general, results suggest a high dependency on DO levels in both cases.
However, remember that cBOD - which is a numerator in the equation - was fixed
as constant at this stage, average value, due to difficulties in reconstructing its
temporal distribution with the available data. Therefore its actual contribution
to the final results cannot be inferred from these results. This issue is addressed
in Step 2.
Finally, adding both reaeration and BOD-related terms one obtains KDO,
which is shown in Figure C.11. The values obtained with Formulation I are
displayed for comparative purposes since this approach yield a good match
between observed and simulated concentrations.
Results show that Formulation II is unable of producing the value of KDO
estimated using Formulation I - note that the range of possible outputs does
not include that of Formulation I. The levels of DO consistently decrease with
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ka · (cDOs − cDO),
with Ka = f(u, 1/h) and cDOs = f(1/T )























(a3) KHBOD 0.3 mgO2/l
(a4) 1
KHBOD + cDO KHBOD = 0.3. cDO[mg/l]
(a5) cBOD n.a. mg/l
(b) BOD-related term
Figure C.10: Sensitivity analysis of Equation 29
time as the water moves through the domain between R1j and R3j (see Figure
11.4) and therefore KDO has to be always negative, as Formulation I predicts.
Thus, the positive values of KDO calculated with Formulation II indicate that
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Figure C.11: Comparison between Formulation I and II in the calculation of KDO
other DO-depleting mechanics, besides those included, are relevant and not being
taken into account. Some of these mechanisms could be SOD oxidation and
nitrification. Temporal variations in BOD, which, as mentioned previously where
not included due to lack of data, may also contribute to the observed mismatch.
C.3.4.2 Step 2 Based on the discrepancies between Formulations II and I
estimates of KDO, it is possible to reconstruct the temporal distribution of cBOD.
The calculation consists in the determination of the necessary values of cBOD
in Formulation II to yield the estimate of Formulation I. It assumes that the
estimation of KDO using Formulation I is correct, which is supported by the
results in Section 11.4.2, and that BOD is the main DO-depleting mechanism,
which is supported by the preliminary study carried out in Section 3.2.1.
The model could not be calibrated using Formulation II, as explained in Step
1, and therefore KBOD - which may vary between 0.05 and 0.03 (see Table 3.1)
- was not fixed by calibration. Accordingly, this uncertainty is accommodated
by providing different estimations of cBOD using different values of KBOD, these
encompassing the range values proposed in the literature. Results are shown in
Figure C.12. For comparative purposes, the values of BOD and SOD measured
during the field campaign are also displayed.
Results show that values of KBOD between 0.25 and 0.3 produce the best
estimation of BOD, although higher than the observed values (black bars). Adding
the contribution of SOD (diagonal-line bars), which has the same effect on DO
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Figure C.12: Estimation of cBOD temporal distribution for different possible KDO scenarios
and comparison with the observations
levels as BOD, seems to provide the exact missing quantify to approximate
observed and simulated concentrations, thus constituting a plausible cause. As
expected, the estimated levels of BOD start increasing between 14th and 15th May,
time when the lowering limb of the hydrograph nearly flattens (see Figure 11.3),
that suggesting the end of the flood and a subsequent reduction in the dilution
capacity. Finally, the spikes observed in the simulated BOD concentrations




values - caused by the low cDO (issued already discussed
previously in Step 1) - to yield the desired value of KDO (the one estimated using
Formulation I). This reveals the non-negligible impact of other DO-depleting
mechanisms in the levels of DO.
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C.3.5 Simulation results (complementary plots)
Fi
gu
re
C
.1
3:
Sp
at
ia
ld
ist
rib
ut
io
n
of
th
e
sim
ul
at
ed
wa
te
r
(t
hi
n
lin
e)
an
d
D
O
(t
hi
ck
lin
e)
do
w
nw
ar
d
flu
xe
s
at
di
ffe
re
nt
in
st
an
ts
th
ro
ug
ho
ut
th
e
sim
ul
at
io
n
of
th
e
flo
od
ev
en
t:
(a
)
t
=
0
da
ys
(in
iti
al
co
nd
iti
on
s)
,(
b)
t
=
1.
6
da
ys
(a
t
th
e
pe
ak
of
th
e
fir
st
flo
od
),
(c
)
t
=
2.
1
da
ys
(b
et
we
en
flo
od
pe
ak
s)
,(
d)
t
=
2.
8
da
ys
(a
t
th
e
pe
ak
of
th
e
se
co
nd
an
d
m
ai
n
flo
od
ev
en
t)
,(
e)
t
=
4.
4
da
ys
(1
.6
da
ys
af
te
r
th
e
pe
ak
of
th
e
m
ai
n
flo
od
)
an
d
(f
)
t
=
5.
5
da
ys
(2
.7
da
ys
af
te
r
th
e
pe
ak
of
th
e
m
ai
n
flo
od
)
244
